Jp-8 Surrogates For Diesel Engine Application: Development, Validation, And Cfd Simulation by Shrestha, Amit
Wayne State University
Wayne State University Dissertations
1-1-2014
Jp-8 Surrogates For Diesel Engine Application:
Development, Validation, And Cfd Simulation
Amit Shrestha
Wayne State University,
Follow this and additional works at: http://digitalcommons.wayne.edu/oa_dissertations
This Open Access Dissertation is brought to you for free and open access by DigitalCommons@WayneState. It has been accepted for inclusion in
Wayne State University Dissertations by an authorized administrator of DigitalCommons@WayneState.
Recommended Citation
Shrestha, Amit, "Jp-8 Surrogates For Diesel Engine Application: Development, Validation, And Cfd Simulation" (2014). Wayne State
University Dissertations. Paper 1024.
 JP-8 SURROGATES FOR DIESEL ENGINE APPLICATION:  
DEVELOPMENT, VALIDATION, AND CFD SIMULATION 
by 
AMIT SHRESTHA 
DISSERTATION 
Submitted to the Graduate School 
of Wayne State University, 
Detroit, Michigan 
in partial fulfillment of the requirements  
for the degree of 
DOCTOR OF PHILOSOPHY 
2014 
                                                                       MAJOR: MECHANICAL ENGINEERING 
                                                                       Approved by: 
                _____________________________________ 
                                      Advisor                                                      Date 
                _____________________________________ 
                _____________________________________ 
                _____________________________________ 
                _____________________________________ 
 
  
 
 
 
 
 
 
 
 
© COPYRIGHT BY 
AMIT SHRESTHA 
2014 
All Rights Reserved 
 
 
ii 
 
DEDICATION 
 
 
 
I would like to dedicate my dissertation 
to my beloved parents. 
  
iii 
 
ACKNOWLEDGEMENTS 
 
I would like to express my deepest gratitude and appreciation to my advisor Professor 
Naeim A. Henein for providing me the opportunity to be a part of his research team at Center 
for Automotive Research, Wayne State University. Also, I would like to thank him for his 
continuous guidance, support, and patience throughout my research work. I am truly indebted 
to him. 
I sincerely thank my dissertation committee members Dr. Dinu Taraza, Dr. Marcis 
Jansons, Dr. Steven Salley and Dr. Peter Schihl for their support and valuable suggestions 
during the course of my research work. 
I must acknowledge my colleagues Ziliang Zheng and Umashankar Joshi for helping 
me with laboratory experiments related to my research. My special thanks are to my 
colleague Dr. Tamer Badawy for providing me assistance whenever needed. Also, I like to 
thank my laboratory mates Rojan George and Sahil Sane and all the other members of Center 
for Automotive Research for creating a wonderful work environment within the laboratory 
and lending me help in many ways. 
Finally, I would like to thank my parents, my sister, and my wife Rima Shrestha for 
their unconditional support and patience throughout the course of my doctorate degree.  
  
 
      
iv 
 
TABLE OF CONTENTS 
 
Dedication ................................................................................................................................. ii 
 
Acknowledgements .................................................................................................................. iii 
 
List of Tables ........................................................................................................................... ix 
 
List of Figures .......................................................................................................................... xi 
 
Definitions and Abbreviations ............................................................................................... xvi 
 
CHAPTER 1 - RESEARCH MOTIVATION AND OUTLINE ................................................1 
 
1.1 Introduction and Motivation ................................................................................................1 
 
1.2 Thesis Outline ......................................................................................................................3 
 
CHAPTER 2 - JET FUELS AND SURROGATE CLASSIFICATIONS .................................5 
 
2.1 Jet Fuels ...............................................................................................................................5 
 
2.2 Jet Fuels Types .....................................................................................................................6 
 
2.3 JP-8 Fuel and its Specifications ...........................................................................................8 
 
2.3.1 JP-8 Fuel ...........................................................................................................................8 
 
2.3.2 JP-8 properties and Specifications ..................................................................................10 
 
2.4 Target JP-8 Fuel Considered in the Current Investigation.................................................17 
 
2.5 Surrogates and their Classifications ...................................................................................21 
 
CHAPTER 3 - LITERATURE REVIEW ................................................................................23 
 
3.1 Introduction ........................................................................................................................23 
 
3.2 Surrogates ..........................................................................................................................23 
 
3.2.1 Comprehensive Surrogate ...............................................................................................23 
 
v 
 
3.2.2 Physical Surrogate ..........................................................................................................24 
 
3.2.3 Chemical Surrogate .........................................................................................................25 
 
3.3 CFD Simulation of Surrogates ...........................................................................................30 
 
3.4 Properties Considered for Surrogate Development ...........................................................34 
 
3.5 Experimental Validation of Surrogates ..............................................................................35 
 
3.6 Chapter Conclusion ............................................................................................................37 
 
CHAPTER 4 - EXPERIMENTAL EQUIPMENT FOR VALIDATION OF  
                         SURROGATES ..............................................................................................39 
 
4.1 Introduction ........................................................................................................................39 
 
4.2 Ignition Quality Tester .......................................................................................................39 
 
4.2.1 Introduction .....................................................................................................................39 
 
4.2.2 Description of the Equipment .........................................................................................40 
 
4.2.3 Calibration of the Equipment ..........................................................................................42 
 
4.2.4 Calculation of the Derived Cetane Number ....................................................................42 
 
4.3 Single Cylinder Diesel Engine ...........................................................................................43 
 
4.3.1 Engine Description and Specifications ...........................................................................43 
 
4.3.2 Experimental Setup and its Description ..........................................................................44 
 
CHAPTER 5 - DEVELOPMENT OF SURROGATES ..........................................................57 
 
5.1 Chapter Overview ..............................................................................................................57 
 
5.2 Targeted Properties of the JP-8 Fuel ..................................................................................57 
 
5.3 Criteria for Surrogate Development...................................................................................59 
 
5.4 Selection of Surrogate Fuel Components ..........................................................................60 
 
5.5 Surrogate Formulation Strategy .........................................................................................64 
vi 
 
5.6 Properties of the Surrogate Components Required for the Development of Surrogates ...66 
 
5.7 Equations............................................................................................................................68 
 
5.8 MATLAB code ..................................................................................................................70 
 
5.9 HYSYS Software ...............................................................................................................70 
 
5.10 Identification of the Optimal Surrogate Mixture .............................................................71 
 
5.11 Results and Discussion ....................................................................................................74 
 
5.12 Chapter Conclusion ..........................................................................................................78 
 
CHAPTER 6 - VALIDATION OF SURROGATES IN THE IGNITION  
                         QUALITY TESTER .......................................................................................79 
 
6.1 Chapter Overview ..............................................................................................................79 
 
6.2 Test Conditions ..................................................................................................................79 
 
6.3 Results and Discussion ......................................................................................................79 
 
6.3.1 Analysis of the Results....................................................................................................87 
 
6.4 Chapter Conclusion ............................................................................................................92 
 
CHAPTER 7 - VALIDATION OF A SURROGATE IN A SINGLE  
                         CYLINDER RESEARCH DIESEL ENGINE ................................................94 
 
7.1 Chapter Overview ..............................................................................................................94 
 
7.2 Revisiting the Properties of the Surrogate S2 and the Target JP-8 ....................................94 
 
7.3 Test Conditions ..................................................................................................................96 
 
7.4 Results and Discussion ......................................................................................................97 
 
7.5 Chapter Conclusion ..........................................................................................................107 
 
CHAPTER 8 - SURROGATE MECHANISM: REDUCTION AND VALIDATION .........108 
 
8.1 Chapter Overview ............................................................................................................108 
 
vii 
 
8.2 Mechanism .......................................................................................................................108 
 
8.3 Mechanism Reduction .....................................................................................................109 
 
8.3.1 Mechanism Reduction Tool ..........................................................................................109 
 
8.3.2 Mechanism Reduction Methods used in this Study ......................................................110 
 
8.3.3 Mechanism Reduction Procedure .................................................................................116 
 
8.4 Mechanism Validation .....................................................................................................118 
 
8.4.1 Mechanism Validation Tool .........................................................................................119 
 
8.4.2 Validation of the Reduced Mechanism .........................................................................119 
 
8.5 Chapter Conclusion ..........................................................................................................124 
 
CHAPTER 9 - 3D CFD SIMULATION ...............................................................................125 
 
9.1 Chapter Overview ............................................................................................................125 
 
9.2 3D CFD Tool ...................................................................................................................125 
 
9.3 CFD Setup ........................................................................................................................125 
 
9.3.1 Models and Assumptions ..............................................................................................125 
 
9.3.2 Mesh and Spray Parcels: Sensitivity Analysis ..............................................................128 
 
9.4 Results and Discussions ...................................................................................................133 
 
9.5 Chapter Conclusion ..........................................................................................................141 
 
CHAPTER 10 - SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS ..............142 
 
10.1 Summary ........................................................................................................................142 
 
10.2 Conclusions ....................................................................................................................144 
 
10.3 Recommendations ..........................................................................................................146 
 
Appendix A: List of Pure Compounds used in the Formulation of Petroleum based  
                      Jet  Surrogate Fuel (Selected Work from Previous Studies) ............................148 
viii 
 
References ..............................................................................................................................150 
 
Abstract ..................................................................................................................................168 
 
Autobiographical Statement...................................................................................................170 
 
 
  
ix 
 
LIST OF TABLES 
 
Table 2.1 Typical aviation fuels properties  .............................................................................. 8 
 
Table 2.2 JP-8 variation and its specification limits ............................................................... 11 
 
Table 2.3 Chemical class composition of JP-8 ....................................................................... 12 
 
Table 2.4 Chemical class composition and properties of the target JP-8 ............................... 18 
 
Table 2.5 Test standards used to determine the properties of the target JP-8 ......................... 19 
 
Table 3.1 First and second generation surrogates along with their target fuel ....................... 27 
 
Table 3.2 Review of petroleum based Jet surrogates that involved kinetic modeling ............ 32 
 
Table 4.1 Engine specifications .............................................................................................. 44 
 
Table 4.2 Injector Specifications ............................................................................................ 46 
 
Table 5.1 Surrogate fuel components candidates ................................................................... 61 
 
Table 5.2 Molecular Structure of Compounds and their Formulas ........................................ 63 
 
Table 5.3 Properties of surrogate fuel components ................................................................ 67 
 
Table 5.4 Properties of the target JP-8 and surrogates and volume percent of the  
                 surrogate components ............................................................................................ 74 
 
Table 6.1 Linear regression values for the pressure Data (from SOI to 10 ms) of  
                each surrogate vs. the target JP-8 fuel at different test temperatures ...................... 87 
 
Table 6.2 Linear regression values for the pressure data (from SOC to 10 ms) of  
                each surrogate vs. the target JP-8 fuel at different test temperatures ...................... 88 
 
Table 7.1 Properties of the surrogate S2 and the target JP-8 .................................................. 95 
 
Table 7.2 Test Conditions ....................................................................................................... 96 
 
Table 7.3 Fuel rate (gm/min) of surrogate and target JP-8 at different test conditions .......... 97 
 
x 
 
Table 8.1 Conditions used for the validation of the reduced mechanism ............................. 120 
 
Table 9.1 Mesh sensitivity analysis at SOI of 0.3 CAD bTDC & 30
o
C 
                intake air temperature ........................................................................................... 130 
 
Table 9.2 Mesh sensitivity analysis at SOI of 1.8 CAD aTDC & 30
o
C  
                intake air temperature ........................................................................................... 130 
 
Table 9.3 Spray parcels sensitivity analysis at SOI of 0.3 CAD bTDC & 30
o
C  
                intake air temperature ........................................................................................... 131 
 
Table 9.4 Spray parcels sensitivity analysis at SOI of 1.8 CAD aTDC & 30
o
C  
                intake air temperature ........................................................................................... 132 
 
  
xi 
 
LIST OF FIGURES 
 
Figure 2.1 Distillation column separation levels for kerosene and distillate fuels ................... 5 
 
Figure 2.2 Total ion chromatogram of JP-8 ............................................................................ 12 
 
Figure 2.3 Gas chromatogram of JP-8 fuel  ............................................................................ 13 
 
Figure 2.4 Distribution of aromatics in JP-8 (1990-1996) ...................................................... 13 
 
Figure 2.5 Distribution of aromatics in JP-8 (1999 to 2008) .................................................. 14 
 
Figure 2.6 Distribution of JP-8 relative density (1990-1996) ................................................. 15 
 
Figure 2.7 Distribution of JP-8 specific gravity (1999 to 2008) ............................................. 15 
 
Figure 2.8 Distribution of JP-8 cetane index (1990-1996) ..................................................... 16 
 
Figure 2.9 Distribution of JP-8 cetane index (1999 to 2008) ................................................. 16 
 
Figure 2.10 Variation in the heating value of JP-8 ................................................................. 17 
 
Figure 2.11 Chemical Class Composition of the Target JP-8 ................................................. 18 
 
Figure 2.12 Distillation curve of the target JP-8 ..................................................................... 19 
 
Figure 3.1 Flow reactor oxidation data for first (left figure with solid lines) and  
                 second (right figure with solid lines) generation surrogates along with  
                 their target fuel (symbols) (Conditions of 12.5 atm, 0.3% carbon, phi = 1.0)  
                 Dotted lines correspond to simulation predictions ................................................. 29 
 
Figure 3.2 Ignition delay times for first (left figure) and second (right figure)  
                 generation surrogates along with their target fuel  
                 (Conditions of about 17-23 atm). Black data (left figure) and green data  
                 (rightfigure) correspond to shock tube measurements, red data  
                 correspond to RCM measurement/simulations ...................................................... 30 
 
Figure 3.3 RCM pressure histories for first generation and target fuel  
                 (left figure) and first and second generation surrogates (right figure).  
                 Dotted lines show the pressure achieved due to mechanical compression ............ 30 
 
xii 
 
Figure 4.1 Schematic of Ignition Quality Tester Setup .......................................................... 40 
 
Figure 4.2 Photograph of the Ignition Quality Tester ............................................................. 41 
 
Figure 4.3 Definition of ignition delay; SOI-start of injection as depicted by the  
                 needle lift plotted on the right Y-axis; gas pressure plotted on the left Y-axis ..... 43 
 
Figure 4.4 Photograph of the experimental set-up .................................................................. 44 
 
Figure 4.5 Line diagram of the experimental set-up ............................................................... 45 
 
Figure 4.6 Line Diagram of the water cooling circuit ............................................................ 47 
 
Figure 4.7 Line diagram of the engine oil circuit ................................................................... 48 
 
Figure 4.8 Line diagram of the fuel circuit ............................................................................. 49 
 
Figure 4.9 Horiba MEXA-7100 DEGR emission test bench with different modules ............ 51 
 
Figure 4.10 Actual Dekati Microdilution Tunnel and its dilution flow schematic ................. 53 
 
Figure 4.11 FPS 4000 unit ...................................................................................................... 53 
 
Figure 4.12 Photograph of the SMPS unit .............................................................................. 54 
 
Figure 4.13 Schematic of Impactor ......................................................................................... 55 
 
Figure 5.1 Flow diagram showing the steps used in the formulation of optimal surrogate .... 73 
 
Figure 5.2 Comparison of H/C, TSI and MW of JP-8 and surrogates .................................... 75 
 
Figure 5.3 Comparison of measured and calculated DCN of the surrogates .......................... 75 
 
Figure 5.4 Comparison of the simulated (solid lines) and the experimental  
                 (dotted lines) distillation curves of Wood et al.(Blue color) and  
                 Schulz (Red color) ................................................................................................. 76 
 
Figure 5.5 Comparison of distillation curves of surrogates and target JP-8 fuel .................... 77 
 
Figure 6.1 Surrogate S1 vs. Target JP-8 - Comparisons of gas pressure, rate of heat   
                 release, cumulative heat release, and needle lift at different test  
                 temperatures in IQT ............................................................................................... 81 
 
xiii 
 
Figure 6.2 Surrogate S2 vs. Target JP-8 - Comparisons of gas pressure, rate  
                 of heat release, cumulative heat release, and needle lift at  
                 different test temperatures in IQT .......................................................................... 82 
 
Figure 6.3 Surrogate S3 vs. Target JP-8 - Comparisons of gas pressure, rate  
                 of heat release, cumulative heat release, and needle lift  
                 at different test temperatures in IQT ...................................................................... 83 
 
Figure 6.4 Surrogate S4 vs. Target JP-8 - Comparisons of gas pressure, rate  
                 of heat release, cumulative heat release, and needle lift  
                 at different test temperatures in IQT ...................................................................... 84 
 
Figure 6.5 Surrogate S5 vs. Target JP-8 - Comparisons of gas pressure, rate  
                 of heat release, cumulative heat release, and needle lift  
                 at different test temperatures in IQT ...................................................................... 85 
 
Figure 6.6 Surrogate S6 vs. Target JP-8 - Comparisons of gas pressure, rate  
                 of heat release, cumulative heat release, and needle lift  
                 at different test temperatures in IQT ...................................................................... 86 
 
Figure 6.7 Ignition delays of the surrogates and the target JP-8  
                 at different test temperatures  ................................................................................. 89 
 
Figure 6.8 RHR-Peak values of the surrogates and the target JP-8  
                 at different test temperatures .................................................................................. 90 
 
Figure 6.9 RHR-Peak locations of all the surrogates and the target JP-8  
                 at different test temperatures .................................................................................. 92 
 
Figure 7.1 Comparison of distillation curves of surrogate S2 and target JP-8 ....................... 96 
 
Figure 7.2 Cylinder pressure, rate of heat release, mass-averaged cylinder gas  
                 temperature, and needle lift signal for the JP-8 (bluelines) and  
                 surrogate S2 (red lines) at injection timing of 2.2 CAD bTDC  
                 & 30
o
C intake air temperature ............................................................................... 99 
 
Figure 7.3 Cylinder pressure, rate of heat release, mass-averaged cylinder gas 
                  temperature, and needle lift signal for the JP-8 (bluelines) and  
                  surrogate S2 (red lines) at injection timing of 0.3 CAD bTDC  
                  & 30
o
C intake air temperature ............................................................................ 100 
 
Figure 7.4 Cylinder pressure, rate of heat release, mass-averaged cylinder gas  
                  temperature, and needle lift signal for the JP-8 (bluelines) and  
xiv 
 
                  surrogate S2 (red lines) at injection timing of 1.8 CAD aTDC  
                  & 30
o
C intake air temperature ............................................................................ 101 
 
Figure 7.5 Cylinder pressure, rate of heat release, mass-averaged cylinder gas  
                  temperature, and needle lift signal for the JP-8 (bluelines) and  
                  surrogate S2 (red lines) at injection timing of 0.3 CAD bTDC  
                  & 70
o
C intake air temperature ............................................................................ 102 
 
Figure 7.6 Cylinder pressure, rate of heat release, mass-averaged cylinder gas  
                  temperature, and needle lift signal for the JP-8 (bluelines) and  
                  surrogate S2 (red lines) at injection timing of 2.2 CAD bTDC  
                  & 110
o
C intake air temperature .......................................................................... 103 
 
Figure 7.7 Ignition delays of the surrogate and the target JP-8 at different  
                 start of injection timings and intake air temperature ........................................... 104 
 
Figure 7.8 Comparisons of the engine-out emissions between the surrogate  
                 and the target JP-8 at different start of injection .................................................. 106 
 
Figure 8.1 Schematic of the PFA algorithm ......................................................................... 113 
 
Figure 8.2 Schematic of the CSP algorithm.......................................................................... 116 
 
Figure 8.3 Comparison of the ignition delays of the original and  
                 the reduced mechanisms at different conditions of temperature,  
                 pressure, and equivalence ratio ............................................................................ 121 
 
Figure 8.4 Comparison of the NO of the original and the reduced mechanisms at  
                 different conditions of temperature, pressure, and equivalence ratio .................. 122 
 
Figure 8.5 Comparison of the NO2 of the original and the reduced mechanisms at  
                 different conditions of temperature, pressure, and equivalence ratio .................. 123 
 
Figure 9.1 Sector mesh ......................................................................................................... 132 
 
Figure 9.2 Cylinder pressure, rate of heat release, and mass-averaged cylinder  
                 gas temperature for the JP-8 (bluelines), surrogate S2 (red lines),  
                 and CFD predictions (green lines) at injection timing of 2.2 CAD bTDC  
                 & 30
o
C intake air temperature ............................................................................. 134 
 
Figure 9.3 Cylinder pressure, rate of heat release, and mass-averaged cylinder  
                 gas temperature for the JP-8 (bluelines), surrogate S2 (red lines),  
                 and CFD predictions (green lines) at injection timing of 0.3 CAD bTDC  
                 & 30
o
C intake air temperature ............................................................................. 135 
xv 
 
 
Figure 9.4 Cylinder pressure, rate of heat release, and mass-averaged cylinder  
                 gas temperature for the JP-8 (bluelines), surrogate S2 (red lines),  
                 and CFD predictions (green lines) at injection timing of 1.8 CAD aTDC  
                 & 30
o
C intake air temperature ............................................................................. 136 
 
Figure 9.5 Cylinder pressure, rate of heat release, and mass-averaged cylinder  
                 gas temperature for the JP-8 (bluelines), surrogate S2 (red lines),  
                 and CFD predictions (green lines) at injection timing of 0.3 CAD bTDC  
                 & 70
o
C intake air temperature ............................................................................. 137 
 
Figure 9.6 Cylinder pressure, rate of heat release, and mass-averaged cylinder  
                 gas temperature for the JP-8 (bluelines), surrogate S2 (red lines),  
                 and CFD predictions (green lines) at injection timing of 2.2 CAD bTDC  
                 & 110
o
C intake air temperature ........................................................................... 138 
 
Figure 9.7 Ignition delays of surrogate, target JP-8, and surrogate model  
                 at different start of injection timings and intake air temperature ......................... 139 
 
Figure 9.8 Comparisons of the engine-out emissions between surrogate,  
                 target JP-8, and surrogate model at different start of injection. ........................... 140 
  
xvi 
 
DEFINITIONS AND ABBREVIATIONS 
 
3D Three-dimensional 
ASTM American Society for Testing and Materials 
aTDC After top dead center 
BDC Bottom dead center 
bTDC Before top dead center 
CFD Computational fluid dynamics 
CFR Cooperative Fuel Research 
CI Compression ignition 
CN Cetane number 
CPC Condensation Particle Counter 
CSP Computational singular perturbation 
DCC Dynamic cell clustering 
DCN Derived cetane number 
DMA Differential Mobility Analyzer 
EC Electrostatic Classifier 
ECM Engine Control Module 
EGR Exhaust gas recirculation 
xvii 
 
FPS Fine Particle Sampler 
H/C Hydrogen-to-carbon ratio 
HC Hydrocarbon 
ID Ignition delay 
IMEP Indicated mean effective pressure 
IQT Ignition Quality Tester 
JP-8 Jet propellant-8 
LHV Lower heating value 
MW Molecular weight 
NOx Oxides of Nitrogen 
PFA Path flux analysis 
PM Particulate matter 
PNGV Partnership for a New Generation of Vehicles 
RCM Rapid Compression Machine 
RHR Rate of heat release 
SMPS Scanning Mobility Particle Sizer  
SOC Start of combustion 
SOI Start of injection 
TSI Threshold sooting index 
1 
 
 
CHAPTER 1 - RESEARCH MOTIVATION AND OUTLINE 
1.1   Introduction and Motivation 
Due to the high thermal efficiency, high power density, and capability to operate on 
conventional as well as alternative and renewable fuels, compression ignition (CI) engines 
are used in many applications, including heavy duty vehicles and passenger cars. However, 
due to the variations in the properties of these different fuels, new control strategies and 
experimentation are required for CI engines to operate optimally on each specific fuel. 
Therefore, computational fluid dynamics (CFD) simulation could be effectively used for this 
purpose [1].  
The specific fuel of interest in the current investigation is a type of jet propellant (JP) 
fuel, JP-8. In order to improve the efficiency of the fuel distribution system, the U.S 
Department of Defense (DoD) introduced a single fuel (JP-8) policy for all its air and ground 
vehicles. As a result, military engines, originally developed to operate on conventional Ultra 
Low Sulfur Diesel (ULSD), are required to operate on JP-8 [2]. Therefore, it is very 
important to study the autoignition, combustion, and emissions characteristics of different 
types of JP-8 fuels used in military diesel engines. Unlike conventional diesel fuels, JP-8 has 
a wide variation, particularly its cetane number, volatility, and composition [3, 4]. One of the 
reasons for the variation in the JP-8 properties could be the refinery and crude oil sources. 
This variation in the fuel composition of JP-8 fuels has direct impact on the engine research 
community as controlled composition of fuel is necessary for the accuracy and 
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reproducibility of engine test results. As a result, the research community has been directed 
toward the development of a surrogate fuel.  
A surrogate fuel is a mixture of handful number of pure compounds that can 
reasonably reproduce certain characteristics of the specific fuel of interest [5]. Depending on 
the type of application, a surrogate may be developed to reproduce either the physical or 
chemical properties of the target fuel [3, 6] or both. Since a surrogate fuel consists of limited 
number of high purity fuel components, its composition can be well reproduced for the 
reproducibility of the test results. Moreover, since the surrogate consists of known 
components, a compositional effect on spray and combustion characteristics can be assessed 
to understand the impacts on engine performance and emissions. However, surrogate fuels 
are much more expensive than the practical fuels, and therefore testing these fuels on a 
combustion device like CI engine is highly cost prohibitive. Because of this reason, a 
surrogate fuel is generally developed with an aim of developing its kinetic model for its use 
in computational fluid dynamics (CFD) simulation tools. Since a surrogate fuel is composed 
of a limited number of compounds, the development of its kinetic model becomes much 
easier and simpler as compared to that of the real fuel that consists of hundreds of 
compounds. The use of diesel cycle CFD simulation tools in the effective development of 
engines that can meet the production targets while operating on fuels of different physical 
and chemical properties has been recently gaining more popularity and attention.    
Moreover, the CFD simulation tools allow one to visualize combustion and emissions 
formation processes which otherwise cannot be visualized in real experiments. Additional 
benefits of using CFD tools include lower cost and time. 
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1.2   Thesis Outline 
This thesis is outlined as follows: 
Chapter 2 provides introductory information on the basic differences between the jet 
and conventional diesel fuels, including information on different types of jet fuels. The 
specifications of typical JP-8 fuels and the properties of the target JP-8 fuel used in this 
research are also covered in this chapter. Finally, the chapter discusses, in general, the 
definition and classifications of a surrogate. 
Chapter 3 covers a detailed review of the previous investigations on different types of 
surrogates: Physical, Chemical, and Comprehensive. This chapter also covers a review of the 
studies that involved investigations using surrogate mechanism. Different types of 
combustion equipment, which were used for the validation of the developed surrogates in the 
previous studies, are also covered in this chapter. Finally, the chapter highlights the important 
properties of the target fuel which were used as the basis for surrogate development in 
previous literatures. 
Surrogates are developed based on their intended applications. Therefore, validation 
of these surrogates is required to be done in those combustion devices which are relevant to 
the intended application. Since, in the current research, surrogates were developed for diesel 
engine application, Chapter 4 provides a detailed description of the Ignition Quality Tester 
and a single cylinder research diesel engine, along with their experimental set up, which were 
used for the validation of the developed surrogates. 
The major contribution of this research is on the development of a new methodology 
for the formulation of surrogates for diesel engine application. The description of this 
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methodology, including equations and tools used in the development of JP-8 surrogates, is 
covered in Chapter 5. Finally, the results of the surrogate development are presented. 
Once the surrogates are developed, they are required to be validated against the target 
JP-8 in conditions similar to those of diesel engine operation. Hence, Chapter 6 presents the 
results of the validation of surrogates in the Ignition Quality Tester, while Chapter 7 presents 
the results of the validation of the selected surrogate in a single cylinder research diesel 
engine.   
One of the major goals of this thesis is to model the combustion of a diesel engine 
operating on JP-8 fuel. In order to do so, a reduced surrogate fuel model is required to be 
coupled with the 3D CFD code. Hence, Chapter 8 presents a methodology to effectively 
reduce a detailed mechanism, including its validation in a wide range of conditions. 
Chapter 9 covers the details about 3D CFD model set up of the engine in which the 
surrogate was tested. Then, the comparisons of the simulated results with those of the 
experimental data are presented. The comparisons include cylinder gas pressure, rate of heat 
release, mass-averaged gas temperature, ignition delays, and engine-out emissions. 
Finally, the outcomes of the research are summarized in chapter 10.   
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CHAPTER 2 - JET FUELS AND SURROGATE CLASSIFICATIONS 
2.1   Jet Fuels 
Jet fuels, like diesel fuels, are the complex mixtures of hundreds of hydrocarbons. 
These fuels can be broadly classified into wide-cut and kerosene-type fuels [7]. The 
difference between these fuels – wide-cut, kerosene, and diesel – is mainly due to the 
temperatures at which these fuels are separated in a distillation column. 
 
Figure 2.1 Distillation column separation levels for kerosene and distillate fuels [8] 
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Figure 2.1[8] shows the temperatures at which different fuels, particularly, gasoline, 
kerosene, and diesel, are separated in a distillation column. Wide-cut fuels are those fuels 
whose boiling temperature spans the boiling range of the gasoline and the kerosene fuels [9]. 
On the other hand, diesel fuels are either a distillate or kerosene blend or the combination of 
two [4]. 
Wide-cut fuels were initially assumed to be available in abundance, and therefore the 
U.S. Air Force started using them after World War II [9]. However, these fuels, as compared 
to kerosene-type fuels, were found to have some major disadvantages such as higher 
evaporation losses at high altitudes and risk of fire vulnerability [9]. Therefore, in 1970s, the 
US Air Force switched from wide-cut to kerosene-type fuels [9]. 
2.2    Jet Fuels Types 
Different types of jet fuels have been discussed, namely JP-1, JP-2, JP-3, JP-4, JP-5, 
Jet B, JP-6, JP-7, JP-8, JP-9, JP-10, Jet A, Jet A1, and JP-8+100.  
JP-1 is the first US jet fuel having a freezing point of -60
o
C, and its specification was 
first issued in 1944[10]. Because of its low freezing point, its production was later restricted. 
This resulted in the development of a wide-cut JP-2 fuel in 1945 [10]. However, the use of 
JP-2 was limited due to its unsuitable viscosity and flammability properties [10]. 
JP-3 is a wide-cut fuel used in engine-powered aircraft [10]. It has vapor pressure 
comparable to that of the aviation gasoline. Its specification was issued in 1947 [10]. JP-3 
encountered boil-off losses when used in Jet aircraft, which flies at higher altitude than 
engine-powered aircraft. To overcome these boil-off losses, JP-4 (a wide-cut fuel) was 
introduced, the specification of which was issued in May 1951 for the first time [10]. JP-4 is 
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composed of about 50 to 60% gasoline and rest kerosene [10]. However, JP-4, including Jet 
B (a wide-cut fuel), is mainly used in countries with cold climates due to high volatility [8]. 
JP-5 is a high flash point (≥ 60oC) kerosene fuel and is primarily used in the U.S. 
Navy aircraft carriers [9]. A high flash point fuel is preferred for shipboard safety reasons. It 
was included in the specification in 1953 [10].  
JP-6 is similar to JP-5, however, with a lower freezing point and improved thermal 
oxidative stability [10]. The fuel was developed in 1956 for the XB-70 [10], a supersonic 
research aircraft. However, due to the cancellation of the XB-70 project, JP-6 specification 
was cancelled as well. Similarly, JP-7 was developed in late 1960s for its use in SR-71 [10], 
a reconnaissance aircraft.   
JP-8 is a kerosene-type fuel, and its detailed information is provided in the following 
sub-section. JP8+100 is essentially a JP-8 fuel with thermal stability improver additive [8]. 
JP-9 and JP-10 are high density synthetic fuels especially developed for their use in 
highly demanding applications, such as aircraft-launched missiles [8]. These fuels are 
required to have special properties such as high volumetric energy and good low-temperature 
performance.  
Jet A and Jet A1 are kerosene-type fuels and are very similar. They are used in 
commercial flights [9]. Jet A is used in the United States while Jet A1 is used in rest of the 
world [9]. The major difference lies in their maximum freezing temperature, which is -40
o
C 
for Jet A and -47
o
C for Jet A1 [9, 11].  
The properties of some of these jet fuels, including JP-8, are shown in Table 2.1 [12]. 
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Table 2.1 Typical aviation fuels properties [12] 
Property JP-4 JP-5 JP-8 Jet A/A1 
Type of Fuel Wide-cut Kerosene Kerosene Kerosene 
Approx. Formula C8.5H17 C12H22 C11H21 C11H21 
Boiling Range (
o
C) 60-240 180-260 165-265 170-300 
Freezing Point (
o
C) ~62 ~50 ~51 
~40 (Jet A) 
 ~47 (Jet A1) 
Flash point (
o
C) ~23 60 38 38 
Reid Vapor Pressure (kPa) @38
o
C ~21 ~1 ~1 ~1 
Cetane Number 23 42 45 - 
Average Density (g/cc) 0.755 0.818 0.797 - 
K. Viscosity @40
o
C (cSt) 0.56 1.5 1.2 - 
 
The target jet fuel of interest in this research is JP-8, and the detailed information of 
this fuel is discussed in the following sub-section.  
2.3   JP-8 Fuel and its Specifications 
2.3.1   JP-8 Fuel 
JP-8 is a kerosene type of fuel and was introduced in 1979 as a replacement for wide-
cut type JP-4 [9]. JP-8 is the military equivalent of Jet A1 [13]. The difference between JP-8 
and Jet A1 exists mainly because of the additive packages used [8]. JP-8 consists of 
additional additive packages such as fuel system icing inhibitor, corrosion inhibitor, static 
dissipater, and lubricity improver [8, 14]. 
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The U.S. military services, Department of Defense (DoD), in March 1988, adopted 
single fuel policy under which JP-8 should be used as the primary fuel for its air and land 
based forces [15]. The objective was to use a single fuel and thus minimize the use of a large 
variety of fuels in the battlefield. This would help not only in simplifying their fuel related 
logistics problems but also in enhancing the efficiency of their fuel support system. The 
policy has thus led to higher usage of JP-8 with time. According to [16], the majority (over 
70% by volume) of the bulk fuel used by DoD is JP-8. 
Before JP-8 was officially adopted under single fuel policy, the US Army conducted 
extensive field test on various army equipment at Fort Bliss, TX [4, 17]. The field testing, 
which was done from 1989 to 1992, showed numerous benefits of using JP-8 in diesel 
engines [18]. These benefits, as described in [18], are as follows. 
 Reduced fuel related low temperature operability problems 
 Reduced engine combustion-related component wear 
 Reduced potential for fuel system corrosion problems 
 Reduced nozzle deposit problems in diesel as well as gas turbine engines 
 Reduced exhaust emissions and particulate signature 
 Reduced potential for microbiological growth in fuel tanks 
 Reduced water entrainment and emulsification problems in vehicle fuel tanks 
 Increased fuel filter replacement intervals 
 Extended oil change and filter replacement intervals 
 Increased storage stability, and 
 Improved fuel and lubricant related cold starting 
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On the other hand, few disadvantages were identified for using JP-8 on diesel 
engines. They are as follows: 
 Reduction in horsepower, as JP-8 has lower volumetric heat content than diesel. This 
resulted in 1 to 5% increase in fuel consumption rates while offsetting the reduction 
in horsepower 
 Wide variation of JP-8 properties, such as cetane index, aromatic content, naphthenic 
content, and proportions of other hydrocarbon functional groups 
 Occurrence of operational difficulties and problems in fuel-lubricated rotary-type 
injection pumps due to lower viscosity and material incompatibilities with JP-8 
Although diesel engines are capable of operating on JP-8 and other alternative fuels, 
these engines are originally designed and calibrated to perform optimally on conventional 
diesel fuel. Therefore, diesel engines have to be recalibrated to operate optimally on JP-8 
fuel. 
2.3.2    JP-8 properties and Specifications 
JP-8 consists of complex mixtures of hundreds of hydrocarbons. It contains more than 
200 aliphatic and aromatic hydrocarbons ranging primarily from C8 to C17 [19]. High 
compositional variability exists for JP-8. As a result, precise composition varies from one 
batch to another [20]. Table 2.2 shows the data from the PQIS (Petroleum Quality 
Information System) 2008 annual report for JP-8 [21]. The table shows the minimum, 
maximum, and average values for the properties of JP-8 fuels, thus indicating a large 
variation in the properties of JP-8. Moreover, it is observed in the table that JP-8 does not 
have the cetane number/cetane index in its specification limits.  
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Table 2.2 JP-8 variation and its specification limits [21] 
 
Table 2.3 shows the approximate range of the major chemical class composition of 
JP-8 [22]. This data indicates that there also exists a large variation in the chemical class 
composition of JP-8. 
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Table 2.3 Chemical class composition of JP-8 [22] 
Chemical class Composition (Vol %) 
n-alkanes + iso-alkanes 33-61 
Olefins 0.5-5 
Naphthenes (cyclo-alkanes) 10-45 
Aromatics 12-22 
  
Figure 2.2 shows the ion chromatogram of JP-8 [23]. The labeled peaks shown in the 
figure are n-alkanes. This shows that the majority of n-alkanes present in the JP-8 fuel range 
from C12 to C14.  
 
Figure 2.2 Total ion chromatogram of JP-8 [23] 
According to Moshan et al. [20], in a typical JP-8 fuel, the n-alkanes range from C8 
to C16, with maximum concentrations from n-decane to n-dodecane. The gas chromatogram 
of the JP-8 fuel (POSF 3773) they investigated is shown in Figure 2.3. The figure also shows 
major fractions of iso-paraffins ranging from C9 to C11. 
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Figure 2.3 Gas chromatogram of JP-8 fuel [20] 
 
 
Figure 2.4 Distribution of aromatics in JP-8 (1990-1996) [23] 
Figure 2.4 shows the distribution of aromatics in JP-8 (data for 1990-1996) [23]. This 
data shows a large variability in JP-8 aromatics content, which ranges from 9 to 25%, while 
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the average JP-8 has the aromatic content of 18.2%. The more recent data from PQIS 2008 
annual report [21] indicates a similar variation of the aromatic content of JP-8, as shown in 
Figure 2.5. 
 
Figure 2.5 Distribution of aromatics in JP-8 [21] 
Likewise, Figure 2.6 shows the distribution of JP-8 relative density (data for 1990-
1996) [23]. The figure shows that the API gravity of JP-8 fuels range from 39 (approx. 830 
kg/m
3
) to 49 (approx. 784 kg/m
3
) with average value of 43.5 (approx. 810 kg/m
3
). Similarly, 
Figure 2.7 shows the data from the PQIS 2008 annual report [21] for the distribution of the 
specific gravity of JP-8. The report shows minimum and maximum density of 775 kg/m
3 
and 
840 kg/m
3
, respectively, thus indicating even more variation in the density of JP-8 when 
compared to the data shown in Figure 2.6. 
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Figure 2.6 Distribution of JP-8 relative density (1990-1996) [23] 
 
Figure 2.7 Distribution of JP-8 specific gravity [21] 
Figure 2.8 shows the distribution of the cetane index for JP-8 (data for 1990-1996) 
[23]. Cetane index (CI) is an alternative of the cetane number of the fuel and is calculated 
based on ASTM D4737 using the density and distillation range of the fuel. Therefore, the CI 
does not account for cetane improver additives. The figure shows that the average cetane 
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index of all the JP-8 fuels supplied within the period was 42.7. The cetane index distribution 
of JP-8, as obtained from the PQIS 2008 annual report [21], is shown in Figure 2.9. The 
figure shows that the cetane index varies from the minimum value of 31.4 to the maximum of 
51, whereas the majority of the JP-8 processed had the cetane index of 45. 
 
Figure 2.8 Distribution of JP-8 cetane index (1990-1996) [23] 
 
Figure 2.9 Distribution of JP-8 cetane index [21] 
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Figure 2.10 shows the variation in the heating values of JP-8 (PQIS 2008 annual 
report) [21]. It is observed that the majority of the JP-8 has a heating value of 43.5 MJ/kg. In 
fact, only less than 1.0% of the total volume of the fuel processed had the heating value 
higher than 43.5 MJ/kg. 
  
Figure 2.10 Variation in the heating value of JP-8 
Information on the variation of the other JP-8 properties, such as hydrogen content, 
viscosity, smoke point, flash point, freezing point, etc, are also available in PQIS 2008 
annual report [21]. 
2.4   Target JP-8 Fuel Considered in the Current Investigation 
In this research, the target fuel of interest for which surrogates are developed is a Jet 
propellant-8 (JP-8) fuel [24]. The chemical class compositions of the fuel are shown in 
Figure 2.11, while other important properties are shown in Table 2.4. The distillation curve 
of the fuel is shown in Figure 2.12. 
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Figure 2.11 Chemical Class Composition of the Target JP-8 
Table 2.4 Chemical class composition and properties of the target JP-8 
Properties Target JP-8 
Derived Cetane Number (DCN) 50.1 
Cetane Index 46.5 
Hydrogen Content (mass %) 13.93 
Hydrogen-to-carbon Ratio 1.93 
Molecular Formula C11.54H22.26 
Molecular Weight (g/mol) 160.96 
Flash Point (
o
C) 50.2 
Boiling Point Range (
o
C) 164.7-263.4 
Lower Heating Value (MJ/kg) 43.3 
Smoke Point (mm) 24.5 
N-alkanes
9.2%
Iso-alkanes
29.8%
Cyclo-
alkanes
44.5%
Aromatics
12.6%
Others
3.9%
Chemical Class Composition (% Volume)
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Threshold Sooting Index (TSI) 22.96 
Density (g/cm
3
) @ 25
o
C 0.797 
Viscosity @ 40
o
C, (cSt) 1.368 
 
   
Figure 2.12 Distillation curve of the target JP-8 
The test standards used to determine the chemical class compositions and other 
properties of the target JP-8 are shown in Table 2.5. 
Table 2.5 Test standards used to determine the properties of the target JP-8 
Test Standards Application 
ASTM D1319 Volume percent of aromatics and olefins 
ASTM D2425 Volume percent of normal-, iso-, and cyclo-paraffins 
ASTM D 6890 Derived Cetane Number 
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ASTM D4737 Cetane index 
ASTM D56 Flash point 
ASTM D5291 Carbon and Hydrogen weight proportions 
ASTM D86 Distillation curve 
ASTM D3338 Lower heating value 
ASTM D1298 Density 
ASTM D1322 Smoke point 
CORE MW Molecular weight 
ASTM D445 Kinematic viscosity 
 
In Table 2.5, CORE MW is the method, based on cryoscopy, used by Core 
Laboratories, Deer Park, Texas, USA for the determination of molecular weight of fuel [24]. 
The TSI (shown in Table 2.4) is calculated from the smoke point data of fuel, which 
is determined using ASTM D1322 (shown in Table 2.5). Smoke point is a measure of smoke 
producing tendency of the fuel. A fuel with high smoke point has lower tendency of 
producing smoke [25].  
The equation, as defined by Calcote and Manos [26], was used to calculate the TSI of 
the fuel. 
TSI = a  
Molecular  Weight
Smoke  Point
 +  b  (1) 
In the above equation, molecular weight is in gm/mol, smoke point is in mm, and 'a' 
and 'b' are apparatus specific constants. The unit of 'a' is mm*mol/gm and 'b' is 
dimensionless. The constants 'a' and 'b' were calculated from the measured smoke point data 
for different mixtures of toluene and 2,2,4-trimethylpentane obtained from the CORE 
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Laboratories. The measured smoke point data for the target JP-8 was obtained from CORE 
Laboratories as well. Hence, the constants 'a' and 'b' were calculated as 3.84 and -2.27, 
respectively.  
2.5   Surrogates and their Classifications 
A surrogate is a mixture of a limited number of hydrocarbons formulated to emulate 
certain characteristics of a target fuel, which consists of mixtures of hundreds of 
hydrocarbons. Because of the known composition and reproducibility of a surrogate, it can 
be used in place of its target fuel for testing and obtaining more consistent results as 
compared to the target fuel itself. Further, the known hydrocarbons present in the surrogate 
allow assessing a compositional as well as fuel properties effect on combustion 
characteristics and emissions. Furthermore, a limited number of components in a surrogate 
permit the development of its combustion mechanism, which can then be used with the CFD 
simulation codes for detailed analysis. 
Surrogates can be a single-component, such as n-heptane, or a multi-component, such 
as Aachen surrogate [27], for diesel fuel. Aachen surrogate is a two-component surrogate 
consisting of 70% n-decane and 30% alpha-methylnaphthalene by volume. Several multi-
component surrogates have also been formulated for different types of fuels, such as Jet, 
particularly for gas turbine applications, and bio-diesel fuels. Surrogates can be classified as 
physical, chemical, or comprehensive.  
Physical surrogates are those which are developed mainly to emulate the thermo-
physical properties of a target fuel. Some of the most important properties include density, 
volatility, viscosity, thermal conductivity, and surface tension. Their major applications 
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include the study of spray development, evaporation, and combustible mixture formation 
processes of fuel relevant to diesel engine operation. 
Chemical surrogates are those which are formulated to emulate the chemical 
properties of a target fuel. Some of these properties include the hydrogen-to-carbon ratio 
(H/C), cetane number, and molecular structure. By matching the chemical properties of a real 
fuel, a chemical surrogate can be used to study the oxidation behavior of its target fuel. 
However, since surrogate is formulated using pure compounds, it will lack the presence of 
trace species such as sulfur and metals, which could be present in a real or target fuel. As a 
result, the surrogate may not be able to reproduce the trace species dependent soot emissions 
of a target fuel [23]. 
Comprehensive surrogates are those which are formulated to reproduce the physical 
as well as chemical properties of a target fuel. This type of surrogate is likely to contain more 
number of fuel components; however, the number is also dependent on the type of 
applications and the variables of interest. This research focuses on developing a simple 
comprehensive surrogate for diesel engines applications.  
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CHAPTER 3 - LITERATURE REVIEW 
3.1   Introduction 
Extensive research has been done in the development of different types of aviation jet 
fuel surrogates. The type of surrogates – physical, chemical, or comprehensive – developed 
are dependent on the types of applications and research interest. While majority of the Jet 
surrogates developed are chemical surrogates, wherein the main focus is on the combustion 
in gas phase, only few studies have been done related to physical and comprehensive types of 
surrogates. This chapter covers a review of previous studies which were involved in the 
development of different types of surrogates, highlights different types of equipment used for 
the validation of surrogates, provides a review of previous studies that included the CFD 
simulation, and, finally, discusses the important properties of a fuel that form the basis for the 
development of comprehensive surrogate. 
3.2   Surrogates 
3.2.1   Comprehensive Surrogate 
The history of jet surrogates dates back to the early work of Wood et al. [28] (1989). 
They developed a comprehensive surrogate consisting of 14 pure hydrocarbons based on 
matching the distillation curve and chemical class composition of a petroleum based JP-4. 
The surrogate was developed to study the effect of fuel property and chemical composition 
on the combustion of JP-4 fuels. The surrogate was evaluated against the target JP-4 under 
non-reacting and reacting test conditions. The non-reacting tests evaluation showed that the 
surrogate and its target JP-4 had similar atomization characteristics. The reacting test 
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evaluation was done in a swirl-stabilized, spray-fired, model laboratory combustor. The test 
results showed that the velocity and thermal fields were identical for both the surrogate as 
well as its target JP-4. However, the smoke point was different for these fuels.  
Likewise, Violi et al. [29] developed a comprehensive surrogate, consisting of six 
pure hydrocarbons, for the target JP-8 fuel. The surrogate was formulated to match the 
distillation and compositional characteristics of the target fuel. Several criteria were 
established in the selection of surrogate fuel components, including sooting tendency and 
flash point calculated from distillation curve. Then, a semi-detailed kinetic model was 
constructed to predict the mole fractions of different species obtained for a kerosene flame 
through experiments. The comparison showed that the model predictions were in good 
agreement with most species measurements. However, no experimental validation between 
the surrogate and real JP-8 fuel was presented. 
3.2.2   Physical Surrogate 
A relatively more studies, as compared to comprehensive surrogate studies, have 
focused on developing techniques to formulate physical surrogates [6, 30-33]. For instance, 
Huber et al. [6, 30] developed surrogate mixtures to closely emulate the properties, such as 
the density, speed of sound, viscosity, thermal conductivity, and distillation curve, of 
different jet fuels of different properties. For this purpose, they developed a model to 
formulate surrogate mixtures. They also highlighted the importance of volatility, which was 
assessed from the advanced distillation curve technique [6, 30, 31, 33, 34], in the formulation 
of surrogate whose physical and chemical properties are of importance to the intended 
application. 
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3.2.3   Chemical Surrogate 
Majority of the previous studies on surrogate were focused towards developing 
chemical surrogates. One of the early studies was that of Lindstedt and Maurice [35]. They 
modeled the chemical composition of kerosene fuel by a surrogate blend of n-decane (89 
mol%) and one of these aromatic fuels (11 mol%) - benzene, toluene, ethylbenzene, and 
ethylbenzene/naphthalene - chosen once at a time. The surrogate mixtures were kinetically 
modeled, and the simulated results were compared with the benzene concentration in 
kerosene flames. They found benzene to be a poor choice for surrogate’s aromatic content. 
However, comparisons of the computational predictions of major intermediate species 
profiles including benzene for the surrogates consisting of other aromatics showed good 
agreement with that of the kerosene experimental results of Doute et al. [36].  
Agosta [12] formulated five different chemical surrogates for a JP-8 fuel using five 
different fuel components. The mixtures were prepared on a volumetric basis. Of the five 
surrogates, the surrogate having composition of 26% n-dodecane, 36% isocetane, 14% 
methylcyclohexane, 6% decalin and 18% a-methylnaphthalene was able to closely match the 
reactivity of the target JP-8. The reactivity of a fuel was assessed based on the maximum 
carbon monoxide (CO) production at different temperatures. The surrogate formulation 
strategy used in his work was based on a linear correlation between the fuels' cetane numbers 
and the maximum CO production (used to map the overall reactivity of the fuel) in a 
pressurized flow reactor experiments.  
Lenhert [4] reviewed several JP-8 surrogates and then selected a relatively simpler 
surrogate (43.2% n-dodecane, 26.8% isocetane, 15% methylcyclohexane and 15% 1-
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methylnaphthalene) of Agosta [12]  for the study of the oxidation of this surrogate in the low 
and intermediate temperature regimes (600-800 K) at a pressure of 8 atm in a pressurized 
flow reactor. Also, the comparisons of the experimental measurements of detailed species 
with model predictions were found to be in good agreement. 
Colket et al. [3] proposed a surrogate mixture of n-decane/n-butylbenzene/n-
butylcyclohexane (50/25/25 vol%) with emphasis on H/C ratio and aromatic content within 
the limit of jet fuel regulations. The surrogate, when compared with average JP-8 POSF 3773 
in a pressurized flow reactor (0.8 MPa constant pressure, 600-800 K temperature, and 
equivalence ratio of 0.3), was found to be more reactive. The extent of reactivity was 
measured in terms of CO production at different temperatures. Also, the surrogate and the JP-
8 POSF 3773 were tested in a single cylinder research engine having a compression ratio of 
15 and operating at inlet temperature of 500 K. The results showed significantly shorter 
ignition delay for surrogate as compared to its target JP-8. Later, Natelson et al. [37] repeated 
the test of the surrogate of Colket et al. [3] in a pressurized flow reactor (Temperature of 600-
800 K, pressure of 0.8 MPa, and equivalence ratio of 0.3). The experimental comparisons of 
the reactivity of surrogate and target fuel at low and intermediate temperature showed the 
surrogate to be more reactive. In order to reduce reactivity of the surrogate, they discussed 
the possibility of adding iso-paraffin in the formulated surrogate. The other important note 
was that there would be difficulty in matching the composition proportions if the behavior of 
the target fuel were to be matched accurately by a simple surrogate, consisting of only few 
compounds. 
 
27 
 
 
Cooke et al. [38] developed a six-component JP-8 surrogate consisting of 10% iso-
octane, 20% methylcyclohexane, 15% m-xylene, 30% n-dodecane, 5% tetralin and 20% 
tetradecane on a molar basis for non-sooting counterflow diffusion flames studies. The 
comparison of the experimental temperature profiles and the extinction limits of JP-8 and the 
surrogate showed close agreement. The computational predictions using 221 species (5032 
reactions) were also in good agreement with that of the experimental data.  
Humer et al. [39] formulated three different surrogates consisting of the mixture of n-
decane, n-dodecane, methylcyclohexane, toluene and o-xylene to reproduce combustion 
characteristics, such as extinction and autoignition in laminar non premixed flows, of JP-8 
and Jet-A fuels. They found the surrogates to be slightly more reactive than the target jet 
fuels. They also carried out numerical simulations using a semi-detailed chemical kinetic 
mechanism. The comparison of the calculated values of extinction and autoignition of the 
target and surrogate fuels were found to agree well with the experimental data.  
The most recent investigations in the development of surrogates for jet fuel are those 
of Dooley et al. [40, 41]. In order to capture accurately the gas phase combustion 
characteristics, Dooley et al. [40] considered average fuel molecular weight (MW), H/C ratio, 
Cetane number (CN), and threshold sooting index (TSI) as important combustion property 
targets, which should be matched with those of the target fuel. Detailed properties of their 
first and second generation surrogates along with the target fuel are shown in Table 3.1.  
Table 3.1 First and second generation surrogates along with their target fuel  
 
Target Fuel  
(Jet A - POSF 
4658)  
1st Generation 
Surrogate  
2nd Generation Surrogate  
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Composition  
(In Volume %)  
n-alkanes  - 38.6 
iso-alkanes  - 29.6 
cyclo-alkanes - 3.3 
Aromatics - 25.5 
Naphthalenes - 3 
(In mole%)  
n-decane - 42.67  
iso-octane – 33.02  
Toluene - 24.31 
 (Choice of pure 
compounds was 
restricted by the 
availability of their 
kinetic models)  
(In mole%)  
n-dodecane - 40.41  
iso-octane - 29.48  
1,3,5 - trimethylbenzene - 
7.28  
n-propylbenzene - 22.83 
 (Notice the absence of 
cyclo-alkane and presence 
of two aromatics)  
Formula  C10.17H19.91  C8.61H17.27 C9.92H19.43  
Derived 
Cetane 
Number 
(DCN)  
47.4  47.1  48.5  
H/C ratio  1.96 2.01  1.95  
Molecular 
Weight 
(MW) 
(gm/mol)  
142±20 120.67  138.7  
Threshold 
Sooting 
Index (TSI)  
21.4 14.0  20.4  
 
As observed in Table 3.1, Dooley et al.’s first generation surrogate [41] is composed 
of ndecane/iso-octane/toluene (42.67/33.02/24.31 mol%), while their second generation 
surrogate is composed of ndodecane/iso-octane/1,3,5-trimethylbenzene/n-propylbenzene 
(40.4/29.5/7.3/22.8 mol%). The surrogates were developed for Jet A (POSF 4658). They 
found that the first generation surrogate was only able to match the DCN and H/C ratio out of 
four combustion property targets mentioned previously while the second generation surrogate 
was able to match all four combustion property targets of the target Jet A fuel.  
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Figure 3.1 Flow reactor oxidation data for first (left figure with solid lines) and second 
(right figure with solid lines) generation surrogates along with their target fuel 
(symbols) (Conditions of 12.5 atm, 0.3% carbon, phi = 1.0). Dotted lines correspond to 
simulation predictions 
Further, both the first and second generation surrogates were able to closely match the 
species-concentration time history of the target Jet A in variable pressure flow reactor 
(VPFR) conditions, as shown in Figure 3.1. Likewise, both the surrogates exhibited very 
similar ignition delay times of the target Jet A fuel in shock tube as well as rapid 
compression machine (RCM) measurements, as shown in Figure 3.2. However, both the 
surrogate failed to replicate the two-stage ignition behavior of the target fuel in RCM, as 
shown in Figure 3.3. One of the important outcomes of the investigation was that although 
both of these surrogates are different, particularly in their compositions and majority of the 
component types, as long as some of the surrogates' fundamental properties, such as the DCN 
and H/C ratio, are same, both the surrogates would have very similar oxidation and ignition 
delay characteristics in gas phase studies. Apparently, the effect of volatility has been 
neglected in this investigation since the surrogates were developed to emulate the gas phase 
combustion characteristics of the target fuel.   
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Figure 3.2 Ignition delay times for first (left figure) and second (right figure) generation 
surrogates along with their target fuel (Conditions of about 17-23 atm). Black data (left 
figure) and green data (rightfigure) correspond to shock tube measurements, red data 
correspond to RCM measurement/simulations 
 
 
Figure 3.3 RCM pressure histories for first generation and target fuel (left figure) and 
first and second generation surrogates (right figure). Dotted lines show the pressure 
achieved due to mechanical compression 
3.3   CFD Simulation of Surrogates 
Many investigations about surrogates have involved the development of surrogate 
mechanisms and comparisons of the simulation predictions with those of the experimental 
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data. One of the early investigations was that of Dagaut et al. [42]. This work along with 
other investigations that involved simulation of petroleum based Jet surrogates is 
summarized in Table 3.. Some additional studies, which involved slightly advanced 
techniques related to either mechanism reduction or surrogate formulation, are those of 
Montgomery et al. [43] and Naik et al. [44].  
Montgomery et al. [43] developed reduced kinetic models for a JP-8 surrogate from 
detailed mechanism based on an extension of kerosene mechanism of [42] using an 
automated mechanism reduction software CARM (Computer Aided Reduction Method). The 
surrogate mixture for which the chemical kinetic model was developed consisted of 34.7% n-
dodecane, 32.6% n-decane, 16% butylbenzene and 16.7% methylcyclohexane by moles. The 
reduced mechanisms were able to reproduce the ignition delay measurements obtained from 
experiment for the JP-8 fuel.  
Further, Naik et al. [44] used the mixtures of iso-octane/ndecane/ndodecane (28/61/11 
mol%) and 32/25/43 mol% to model Shell GTL and S-8 fuels, respectively. The properties of 
the fuel considered during the formulation of surrogate were CN, H/C molar ratio, lower 
heating value (LHV), distillation point (ASTM D-86 T50) and density. They used surrogate 
blend optimizer (SBO) [45] to generate optimal 3-component blends that meet these targets. 
They developed a detailed high temperature reaction mechanism for these fuels and the 
computational predictions for the individual fuel components were validated against the 
available experimental data obtained from literatures. The computational predictions using 
the surrogate kinetic model for laminar flame speeds, extinction strain rate and NOx were 
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found to replicate the experimental data. No validation for sooting characteristics of the fuel 
was done. 
It is of note that the majority of these simulation investigations are for the chemical 
surrogates. In fact, no three-dimensional (3D) CFD work, particularly for CI engine running 
on jet fuel, have been published to date yet, and, therefore, this remains as one of the 
objectives of the current investigation. 
Table 3.2 Review of petroleum based Jet surrogates that involved kinetic modeling 
References 
Fuel 
Type 
Surrogate Composition 
Equipment/Experiment 
/Conditions  
Kinetic 
Modeling 
/Mechanism 
Info 
Major 
Outcomes/Comments 
Dagaut et 
al. [42] 
(1994) 
Jet A1 n-decane 
Jet Stirred Reactor 
[10-40 atm, 750-
1150K] 
90 species, 
573 
reactions 
The computational 
predictions of the 
major species were in 
good agreement with 
that of the 
experimental results. 
Violi et al. 
[29] 
(2002) 
Jet A, JP-
8, 
Kerosene 
Three surrogates by 
volume 
-Sur_1: m-Xylene 
(15%), iso-octane 
(10%), 
methylcyclohexane 
(20%), Dodecane 
(30%), tetradecane 
(20%), tetralin (5%) 
-Sur_2: Xylenes 
(8.5%), tetralin (8%), 
toluene (20%), n-octane 
(3.5%), decalin (35%), 
n-dodecane (40%), n-
hexadecane (20%) 
-Sur_3: 
methylcyclohexane 
(10%), toluene (10%), 
benzene (1%), iso-
octane (5.5%), n-
dodecane (73.5%). 
-Laminar premixed 
flames analysis 
Semi-
detailed 
mechanism 
(size not 
specified) 
-Sur_2 was able to 
reproduce closely the 
distillation curve of 
Jet-A fuel. 
-Mole fractions of 
most species predicted 
by the kinetic model 
(using Sur_3 mixture) 
were in good 
agreement with 
experimental 
measurements of [36] 
in kerosene flames. 
Lenhert [4] 
(2004) 
JP-8 
4 components by 
volume [n-dodecane 
PFR [600-800 K, 8 
atm, lean conditions] 
276 species, 
7400 
Reactivity analysis, 
measured in terms of 
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(43.2%), iso-cetane 
(26.8%), 
methylcyclohexane 
(15%), 1-
methylnaphthalene 
(15%)] 
reactions 
(Ranzi et al. 
[46] lumped 
mechanism) 
CO production, 
showed fairly close 
agreement between the 
surrogate and JP-8 
fuels. Also, in general, 
species concentrations 
as predicted by model 
were in good 
agreement with that of 
experimental. 
Cooke et 
al. [38] 
(2005) 
JP-8 
6 components by moles 
[iso-octane (10%), 
methylcyclohexane 
(20%), m-xylene 
(15%), n-dodecane 
(30%), tetralin (5%), 
tetradecane (20%)] 
Non-sooting counter 
flow diffusion flames 
Semi 
detailed 
kinetic 
mechanism 
[29] (221 
species, 
5032 
reactions) 
Good agreement of the 
temperature profiles 
and extinction limits 
was observed in the 
measured surrogate 
and JP-8 flames. 
Computational 
predictions were also 
in good agreement. 
Humer et 
al. [39] 
(2007) 
JP-8, Jet-
A 
3 surrogates, each with 
3 components selected 
from the list of 
reference fuels: n-
decane, n-dodecane, 
methylcyclohexane, 
toluene, o-xylene. 
-Extinction and auto-
ignition analysis in 
laminar non-premixed 
flows 
-Semi-
detailed 
mechanism 
[283 species, 
7878 
reactions] 
-Reduced 
high 
temperature 
mechanism 
[173 species, 
4890 
reactions] 
-Mechanism 
source is 
CRECK 
Modeling 
[47] 
-Surrogates were 
found to be slightly 
more reactive than the 
jet fuels. 
-Model predictions 
were found to agree 
well with the 
experimental data. 
Dooley et 
al. [41] 
(2010) 
Jet-A 
3 components by mole 
% [n-decane (42.67), 
iso-octane (33.02), 
toluene (24.31)] 
-VPFR [Phi=1, 12.5 
atm, 500-1000 K] 
-Shock tube 
-RCM 
Detailed 
Kinetic 
Model (size 
not 
specified) 
- VPFR results indicate 
that the surrogate 
closely emulates the 
reactivity of the target 
Jet A. 
-Surrogate closely 
predicts the ignition 
delay of the target Jet 
A in shock tube test. 
-Surrogate fails to 
exhibit two-stage 
ignition of the target 
Jet A in RCM. 
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-Model predictions 
were utilized to 
interpret similarities in 
the reactivity of the 
surrogate and its target 
Jet A. 
 
3.4   Properties Considered for Surrogate Development 
From the review of the previous literatures, it is observed that many different 
properties of the target fuel are considered during the development of surrogate, and these 
properties should be matched between the surrogate and its target fuel. Some of the most 
discussed properties include cetane number (CN) or DCN, volatility, chemical class 
compositions, density, viscosity, surface tension, H/C ratio, MW, lower heating value (LHV), 
and TSI. Matching chemical class compositions and distillation curve of the surrogate with 
those of the target fuel is an important part of the surrogate formulation [23, 28, 29, 45]. The 
distillation curve of a fuel can be used as a measure of its overall volatility [29]. The 
volatility is known to have significant effects on the evaporation of the fuel [28], which 
affects the formation of the combustible fuel-air mixture. The density, surface tension, and 
viscosity are other important physical properties of the fuel that have important effects on 
spray atomization [48].  
Dooley et al. [40, 49] emphasized the importance of matching the H/C ratio, DCN, 
MW, and TSI. They reported that the H/C ratio is important with respect to the adiabatic 
flame temperature, local air-fuel stoichiometry, enthalpy of combustion, flame velocity, 
overall radical production, and premixed sooting. Other investigations that considered the 
H/C ratio as one of the important surrogate properties are [3, 37, 41, 45]. Dooley et al. [40, 
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49] also pointed out that the CN correlates with autoignition behavior, the average molecular 
weight strongly correlates with gas-phase fuel diffusive transport properties, and, finally, the 
TSI correlates with non-premixed sooting characteristics.  Further, the importance of 
matching the sooting characteristics of the surrogate with that of the target fuel has been 
discussed in [29, 45]. However, Edwards and Maurice [23] reported that the soot formation 
also depends on trace species such as sulfur and metals, present in the target fuel, and these 
trace species cannot be exactly reproduced by a surrogate fuel. They also reviewed several 
surrogates and suggested that the surrogate must match the distillation curve in order to 
reproduce the process of vaporization, injection and mixing of the target fuel. Similarly, heat 
release, flame speed, heat transfer, fuel ignition and thermal oxidation behavior including 
NOx emissions depend on how well the surrogate represents the chemical classes of the 
target fuel. 
3.5   Experimental Validation of Surrogates 
Once the surrogate is formulated, it is important to validate its autoignition and 
combustion characteristics against those of the target fuel. For this purpose, different types of 
equipment have been used in the previous studies. A shock tube was used to study the 
autoignition behavior of the developed surrogates [40, 41, 50, 51]. Similarly, a pressurized 
flow reactor (PFR) or a variable pressure flow reactor (VPFR) has been used to record the 
species concentration-time history of the fuel during its oxidation process. Several validation 
studies [3, 4, 12, 37, 40, 41] were performed using these equipment in order to assess the 
oxidation characteristics of the surrogate fuel with respect to its target fuel. The PFR was also 
used to compare the reactivity of the surrogate and its target fuel [3, 37]. Also, an RCM [52] 
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has been used for testing and validation purposes. Dooley et al. [40, 41] used the device to 
study the two-stage ignition of their surrogate fuels. Likewise, other different types of 
systems were used for the analysis of the strain rate at extinction in laminar non-premixed 
flows [39] and extinction limits analysis in a non-sooting counterflow diffusion flame [38] 
for surrogate validation. It is worth noting here that the validations in these devices - shock 
tube [53], rapid compression machines [53], and pressurized flow reactor [40] - are 
conducted using the fuel in gas phase. Therefore, the effects of spray atomization and 
vaporization relevant to CI engines autoignition and combustion are not considered. 
As far as validation of surrogates in CI engines is concerned, only few studies have 
been done. These include the investigations of Colket et al. [3], as reviewed earlier, Kurman 
[54], and Weber et al. [27]. Kurman [54] developed a surrogate, which was composed of 
53.1% n-decane and 46.9% iso-octane by liquid volume, for natural gas-derived Fisher-
Tropsch jet fuel. The surrogate and the target fuels were tested on a Cooperative Fuel 
Research (CFR) engine for the comparison of their autoignition behavior. During the test, the 
compression ratio of the engine was kept constant at 16:1, and the inlet temperature and 
pressure conditions were 480 K and 1 bar, respectively. The fuel-air mixture was heated 
before entering the combustion chamber, thus operating the test in premixed combustion 
ignition (PCI) mode. The results of the tests showed that the onset of combustion was at 340 
CAD, which was 1 CAD later than for the target fuel. Also, for both the fuels, the peak 
pressure occurred at 353 CAD. Similarly, Weber et al. [27] validated a multi-component 
diesel surrogate (also known as Aachen surrogate), a mixture of 70% ndecane and 30% 
alptha-methylnaphthalene by volume, in a diesel engine operating under premixed charge 
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compression ignition (PCCI) conditions. The surrogate was shown to reproduce experimental 
ignition delay, cylinder gas pressure and engine-out emissions, especially soot and NOx 
trend, at various engine operating conditions. 
At this point, it is wise to comment that the choice of validation equipment depends 
mainly on the intended application of the developed surrogate. This statement can be 
strengthened from the results obtained by Dooley et al. [40] for their first and second 
generation surrogates. It was observed in the section 3.2.3   that both of these surrogates had 
very similar oxidation characteristics in VPFR and ignition delay measurements in shock 
tube and RCM although their first generation surrogate is more volatile than their second 
generation surrogate. However, these surrogates were developed for gas turbine applications 
where volatility may have only minor impact on the combustion process. Therefore, 
surrogates were validated in VFPR, shock tube and RCM.  Quite obviously, because of the 
differences in the volatilities of these surrogates, the combustion behavior of these two 
surrogates would be different if the comparisons were to be made in CI engines where the 
physical properties of the fuel have a significant impact on the autoignition, combustion, and 
emissions.  
3.6   Chapter Conclusion 
From the detailed review of the previous investigations, it is observed that the 
chemical class composition, cetane number, volatility, density, LHV, H/C ratio, MW, 
viscosity, surface tension, and TSI are some of the most discussed properties of a fuel in the 
development of surrogates. If a comprehensive surrogate is to be developed then it is 
important to match these properties between the surrogate and its target fuel. Upon the 
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development of a surrogate, validation in different types of combustion devices is essential. 
Nevertheless, in many cases, a surrogate is developed depending on the type of application 
and therefore the validation device may vary accordingly. 
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CHAPTER 4 - EXPERIMENTAL EQUIPMENT FOR VALIDATION OF 
SURROGATES 
4.1   Introduction 
In the current investigation, the surrogates are developed for diesel engine 
application. Therefore, the surrogates are required to be validated in practical heterogeneous 
combustion devices, where liquid fuel spray properties are contributing factors in initiating 
auto-ignition and the subsequent combustion and emissions. For this purpose, the Ignition 
Quality Tester (IQT) and a single cylinder PNGV (Partnership for a New Generation of 
Vehicles) engine were used. The IQT facility is at NEXTENERGY Center, Detroit, 
Michigan, USA. These equipment, along with the experimental setup, are described below. 
4.2   Ignition Quality Tester 
4.2.1   Introduction 
The IQT is a constant volume high temperature low pressure combustion device that 
is widely used to rate the ignition quality of fuels, typically used in diesel engines, in terms of 
derived cetane number (DCN) according to ASTM D6890-10a standard. The DCN obtained 
from the IQT is an alternative approach to calculating the cetane number of a fuel, which is 
obtained from Cooperative Fuel Research (CFR) engine, which follows ASTM D-613 
standard. The DCN obtained from the IQT is preferred over cetane number obtained from 
CFR engine because of several reasons. First, it (i) is simpler to operate than the CFR engine, 
(ii) takes a fairly short time (approximately 20 min) to complete the test compared to a much 
longer time to make a test on the engine (iii) is less expensive than the engine test, as it 
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requires only about 100 mL of a fuel sample [55, 56], and (iv) has a higher repeatability and 
reproducibility [57, 58] than the CFR engine test method. 
4.2.2   Description of the Equipment 
The IQT is a bench-scale device. It consists of a constant volume combustion 
chamber, which is heated by electrical heating elements, a fuel injection system, intake and 
exhaust systems, a cooling system, and a data-acquisition system. The combustion chamber 
is a cavity along a central axis of the body with a volume of 0.213±0.002L.  
 
Figure 4.1 Schematic of Ignition Quality Tester Setup  
The cavity is pre-heated to the standard test temperature of about 828 K (or 555
o
C) by 
nine cartridge-type resistance heaters mounted on its skin (or body). This cavity, which 
contains charge air, temperature corresponds to approximately 585
o
C skin temperature of the 
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chamber. The variation in the pressure and temperature of the charge air are 2.137±0.007 
MPa and 818±30 K, respectively [55].  
The fuel pump is a pneumatically driven mechanical unit that compresses and 
delivers fuel into the combustion chamber through a pintle-type injector nozzle, which has a 
spring-loaded needle. The air that is used to pressurize the fuel pump has a pressure of 
1.21±0.03 MPa. A fixed volume of fuel is injected at a pressure of approximately 22.5 MPa 
during the main injection event.  
 
Figure 4.2 Photograph of the Ignition Quality Tester 
The chamber consists of a liquid-cooled piezo-electric pressure transducer, which is 
located along its axis opposite to the nozzle, for measuring the chamber gas pressure during 
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the test. The schematic setup of the Ignition Quality Tester is shown in Figure 4.1. The figure 
(without labeling) has been taken from [59]. Also, the picture of the IQT is shown in Figure 
4.2. 
4.2.3   Calibration of the Equipment 
The equipment is calibrated before each test is made. The calibration procedure 
involves two reference fuels: n-heptane and methylcyclohexane. Both of these fuels require 
minimum purity levels defined on volume basis. It is 99.5% for n-heptane and 99% for 
methylcyclohexane. Three ignition delay (ID) results for n-heptane are obtained and their 
average should be within 3.78±0.01 ms. Also, each ID result for n-heptane should not be less 
than 3.72 ms or more than 3.84 ms. The volume of n-heptane fuel injected during each 
injection event 72±7 mg [55]. For methylcyclohexane, two ID results are obtained and their 
average should be within 10.4±0.5 ms. Also, each ID result for methylcyclohexane should 
not be less than 9.8 ms or more than 11.0 ms. If any of the above criteria is not met, then the 
system is diagnosed and a new calibration is performed [55].  
4.2.4   Calculation of the Derived Cetane Number 
The IQT test method computes DCN from the measured ID periods of fuels. The IDs 
that range from 3.1 to 6.5 ms, which correspond to 64 DCN and 33 DCN, respectively, lie 
within the precision range of IQT, and the following equation is used to calculate the DCN 
from the measured ID. 
𝑫𝑪𝑵 = 𝟒.𝟒𝟔 + (𝟏𝟖𝟔.𝟔/𝑰𝑫) 
For IDs shorter than 3.1 ms or longer than 6.5 ms, the DCN calculation is less 
accurate and is calculated using the following equation. 
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𝑫𝑪𝑵 = 𝟖𝟑.𝟗𝟗 × (𝑰𝑫 − 𝟏.𝟓𝟏𝟐)−𝟎.𝟔𝟓𝟖 + 𝟑.𝟓𝟒𝟕 
The ignition delay in IQT is defined as the time interval between the start of injection 
(SOI) and the point at which the combustion pressure crosses the initial pressure (or 
combustion pressure recovery point) [60, 61] as shown in Figure 4.3. 
 
Figure 4.3 Definition of ignition delay; SOI-start of injection as depicted by the needle 
lift plotted on the right Y-axis; gas pressure plotted on the left Y-axis 
4.3   Single Cylinder Diesel Engine 
4.3.1   Engine Description and Specifications 
The engine used for the test is a research type PNGV (Partnership for a New 
Generation of Vehicles) direct injection single-cylinder four-stroke diesel engine with double 
overhead camshaft and four valves. The engine is equipped with a common rail fuel injection 
system that has a capacity to withstand up to 1350 bar. Also, the engine is equipped with an 
exhaust gas recirculation (EGR) system and a swirl control mechanism. The specification of 
the engine is shown in Table 4.1. 
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Table 4.1 Engine specifications 
Engine Type Single Cylinder, Four-
stroke 
Engine Size (L) 0.42 
Bore (mm) x Stroke (mm) 79.5 x 85 
Combustion Chamber Re-entrant bowl piston 
Compression Ratio 20:1 
Injection System Common Rail 
 
4.3.2   Experimental Setup and its Description 
The picture of the experimental set-up is shown in Figure 4.4, and its line diagram is 
shown in Figure 4.5. 
 
Figure 4.4 Photograph of the experimental set-up 
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Figure 4.5 Line diagram of the experimental set-up [62] 
The experimental test bench consisted of the following equipment. 
Dynamometer 
A General Electric (GE) direct current (DC) dynamometer was used to apply load on 
the engine. The specifications of the dynamometer are given below. 
Model: 26 G 263 
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Type: TLC-2464H 
Form: FN 
Voltage and Amperage: 250V, 410A 
Intake Air and Exhaust Gas Temperature and Pressure 
Omega K-type thermocouples were used to measure the intake air and exhaust gas 
temperatures. The pressures at the intake and exhaust were measured using Omega pressure 
transducers. The exhaust pressure transducer was a water-cooled type. The intake air 
temperature was controlled with a circulation heater, while the intake boost pressure was 
controlled with a valve mounted on the line connecting the intake ports and air supply tank. 
Shop air was delivered to the engine, after being heated by an electric heater, through 
a surge tank. The air pressure and temperature in the surge tank were measured and kept 
constant during the test. 
Fuel Injector 
A Bosch CR1 common rail solenoid injector was used. The specification of the 
injector is given in Table 4.2. The injector was fitted with a needle lift detector. 
Table 4.2 Injector Specifications 
Serial Number DLLA 145 PV3 191 286 
Number of holes 6 
Static flow -rate 320 cm
3
 
Type of nozzle Mini-sac 
Nozzle hole diameter 0.131 mm 
Spray angle 145 
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L/D ratio 4.58 
 
Engine Cooling Water Circuit 
The engine cooling water system utilized distilled water, which was run 
independently. The cooling water system was heated using a steam heat exchanger and was 
cooled using water heat exchanger. The temperature of the engine block was maintained by 
controlling the inlet water temperature in such a way that the outlet water temperature 
remained constant at 180
o
F (82.22
o
C) for all the experiments. The line diagram of the water 
cooling circuit is shown in Figure 4.6. 
 
Figure 4.6 Line Diagram of the water cooling circuit 
Engine Lubricating Oil Circuit  
Engine oil circuit was also run independently. Water heat exchanger was used to cool 
the engine oil. An oil filter was used to filter the oil before the oil was circulated in the 
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engine. The oil was circulated in two divisions. The first was for the piston jet that cooled the 
bottom of the piston and the other was for lubricating the cams, as shown in Figure 4.7. 
 
Figure 4.7 Line diagram of the engine oil circuit 
Fuel Circuit 
It consisted of an Aluminum fuel tank in which the fuel was pressurized to 20 psi 
using Nitrogen gas. This pressurized fuel was allowed to flow through a Wix fuel filter and 
then through Max fuel metering system, which consisted of a vapor eliminator, metering 
component, and a level indicator. The flow meter was used to measure and record the fuel 
flow rate.  
Fuel then entered the 12 V DC low-pressure pump that pressurized the fuel to 2 bars. 
The pressurized fuel was made to flow through a pressure regulator and a Max micro-filter 
and then entered the high pressure pump. The high pressure pump that was used was Bosch 
first generation CP1 rotary type common rail pump. The fuel from the high pressure pump 
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flowed to the common rail and then to the injector through high-pressure fuel line. A Kistler 
pressure transducer was fitted to the high pressure pipe connecting the common rail to the 
injector to measure the fuel pressure upstream the injector. The leaked fuel from the injector 
along with the surplus fuel from different components of the fuel system was collected and 
was delivered to the bubble eliminator. The line diagram of the fuel circuit is shown in 
Figure 4.8. 
 
Figure 4.8 Line diagram of the fuel circuit 
Engine Control Unit and Data Acquisition System 
The engine control unit (ECU) was an open type made by Electromechanical 
Associates Inc. The ECU was used to control rail pressure, injection type (single or multiple), 
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injection timing, and injection duration. ECU utilized the inputs from a 0.1 CAD resolution 
optical shaft encoder and TDC signals to control the injector and the high pressure pump. 
The data acquisition system was a Hi-Techniques WIN600 system. The input signals 
to the data acquisition system were from shaft encoder, pressure transducer fitted to the high 
fuel pressure line, in-cylinder pressure transducer, and intake air pressure and temperatures. 
The data acquisition system utilized the feedback from the shaft encoder to calculate the 
rotation of the crank shaft and in-cylinder pressure transducer along with a charge amplifier 
to record in-cylinder gas pressure. The pressure transducer used to measure in-cylinder 
pressure is a Kistler differential pressure transducer. The data acquisition system used 70 
cycles averaging for the pressure data. 
Equipment for the Measurement of CO, CO2, NOx, and Total Hydrocarbons 
A Horiba MEXA-7100 DEGR emission test bench was used to measure the mole 
fractions of Carbon Monoxide (CO), Carbon Dioxide (CO2), Oxides of Nitrogen (NO and 
NO2), and total unburned hydrocarbons in the engine exhaust gas. The measurement of the 
CO and CO2 in Horiba is based on the Non-Dispersive Infra-Red detector (NDIR) method, 
the Oxides of Nitrogen is based on the Chemi-Luminescence Detector (CLD) method, and 
the unburned hydrocarbons is based on the Flame Ionization Detector (FID) method. 
Details of the Horiba test bench can be found in [63]. The photograph of HORIBA 
with different modules is shown below in Figure 4.9.     
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Figure 4.9 Horiba MEXA-7100 DEGR emission test bench with different modules [64] 
Equipment for the Measurement of PM Emissions 
Particulate matters from diesel engine combustion consist of accumulation mode 
particles (AMPs) and nucleation mode particles (NMPs). The diameters for AMPs range 
from 50nm-1000nm, while for NMPs range from 2nm-50nm [65]. Soot particles are AMPs, 
which are known to form inside the combustion chamber. On the other hand, the volatile 
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compounds in the exhaust gas convert from gaseous to particulate phase, known as NMPs, as 
the exhaust gases cool down and dilute with air when leaving the exhaust pipe to atmosphere. 
Therefore, the measurement of particulate matters requires the dilution of the exhaust sample.  
For the measurement of PM emissions, DEKATI Fine Particle Sampler (FPS) and 
Scanning Mobility Particle Sizer (SMPS) instruments were used. These units allow the 
measurement of particulate number distribution as well as concentration. A detailed 
description of the working of these instruments and data measurement can be found in [65, 
66]. Briefly, the measurement procedure is described as follows. 
(i) DEKATI Micro-dilution Tunnel and Fine Particle Sampler 
The exhaust gas from the engine was diluted using a DEKATI micro-dilution tunnel 
(shown in Figure 4.10) and a Fine Particle Sampler (FPS 4000) (shown in Figure 4.11). The 
dilution was achieved in two stages. In the first stage, the exhaust sample flowed through the 
inlet of the dilution tunnel, where the perforated tube allowed the primary dilution air to flow 
and mix with the exhaust gas and achieve a required dilution ratio (35:1 in this case). The 
primary dilution was done at the temperature of the exhaust gas from the engine. During the 
dilution process, the high temperature prevents condensation of the gaseous hydrocarbons in 
the exhaust. The secondary dilution was done at the ambient temperature. The FPS unit was 
used to control dilution airflows and record dilution temperature, pressure, and ratio. The 
two-stage dilution resulted in the temperature of the diluted gas to 65
o
C and the dilution ratio 
of 35:1 before entering the SMPS. 
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Figure 4.10 Actual Dekati Microdilution Tunnel and its dilution flow schematic [66] 
 
Figure 4.11 FPS 4000 unit 
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(ii) Scanning Mobility Particle Sizer 
Then the diluted gas was fed into the SMPS. The SMPS is from TSI Inc. consisting of 
the Model 3080 Electrostatic Classifier (EC) and 3025A condensation particle counter 
(CPC), as shown in Figure 4.12. 
 
Figure 4.12 Photograph of the SMPS unit 
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In the EC, polydisperse aerosols in exhaust sample convert to monodisperse aerosols. 
EC consists of the following sub-components: Impactor and differential mobility analyzer 
(DMA), which are shown in Figure 4.12. 
In the Impactor, large size heavy particles were eliminated from the exhaust sample 
as the sample flowed through a 90 degree bend, the schematic of which is shown in Figure 
4.13. Due to the bend, the heavier particles were separated because of their momentum, while 
smaller particles moved with the flow. 
 
Figure 4.13 Schematic of Impactor [64, 67] 
In the Differential Mobility Analyzer (DMA) (shown in Figure 4.12), the exhaust 
sample was mixed with laminar sheath air flow and the particles were electrically charged 
based on their sizes. In the current study, the long DMA with low flow setting was used to 
allow the instrument to measure the particles size ranging from 14 to 673 nm. This range 
covers most of the AMPs as well as NMPs.  
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The charged particles then entered CPC (shown in Figure 4.12), where the number of 
particles and the diameter of each particle were measured based on the charge carried by 
each particle. This allowed the measurement of particles number as well as concentration. 
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CHAPTER 5 - DEVELOPMENT OF SURROGATES 
5.1   Chapter Overview 
A surrogate is developed specific to its application. In this thesis, surrogates are 
developed for diesel engine application. As a result, the properties, which play vital role in 
diesel engine autoignition, combustion, and emissions, are considered. The development 
procedure considers several criteria used in the selection of surrogate fuel components and 
discusses the tools and methods used to identify an optimal surrogate mixture.  
Hence, this chapter presents the detailed description of the methodology used for the 
development of six different JP-8 surrogates, including the results of the development. 
5.2   Targeted Properties of the JP-8 Fuel 
The targeted properties are those properties of the target JP-8 fuel which surrogates 
are required to match. Since the surrogates are developed for diesel engine application, seven 
different properties have been considered. These properties are discussed below. 
Ignition Quality 
The DCN obtained from the IQT is used as a measure of ignition quality of surrogates 
and the target JP-8. The advantages of using DCN in place of CN were described previously 
in the section 4.2    
The ignition quality, in the present context, mainly refers to the ignition delay of the 
fuel, which has a major impact on the engine’s cold-starting [68], performance and emissions 
[69]. Therefore, this property was considered the most important of the seven properties 
considered in this study. 
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Volatility 
JP-8 fuel is a complex mixture of hundreds of compounds with different boiling 
temperatures. The overall volatility of the fuel can be measured with respect to its distillation 
or boiling curve [29]. The distillation curve of the fuel is obtained by plotting its volume 
percent distilled at different temperature. 
In diesel engines, volatility of a fuel plays an important role in the fuel evaporation 
and fuel-air mixture formation processes [70]. These processes are considered important as 
they affect autoignition, combustion, and engine-out emissions.  
Density 
Liquid fuel density influences injection spray behavior [71, 72], thereby affecting 
combustible mixture formation, and engine-out emissions in a diesel engine [71]. It also has 
an impact on the power output of a diesel engine [73]. During the injection process in the 
IQT as well as engine, it is the volume of fuel that is kept the same for all the tested fuels. 
Given the same density, the mass of fuel injected should also be the same for all the 
surrogates and the target JP-8 such that the overall equivalence ratio is maintained. 
Therefore, density was prioritized over other properties, such as H/C ratio, MW, and TSI, in 
this investigation since IQT was used for development and validation. 
Lower Heating Value 
It is the amount of energy released upon combustion of a specified amount of fuel; 
hence, it has a major influence on the power output of an engine [73]. Therefore, given the 
same fuel's density, the surrogate should be able to produce the same power output as that of 
the target JP-8.     
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Hydrogen-to-Carbon ratio, Molecular Weight, and Threshold Sooting Index 
The importance of these properties in surrogate development has already been 
discussed in section 3.4    of literature review; hence, they are not described here again in 
order to avoid repetition. Because of its influence on local air-fuel stoichiometry, enthalpy of 
combustion, and premixed sooting, H/C ratio was prioritized over MW and TSI in the current 
study. 
It is of note that matching all of these seven properties between surrogate and target 
fuel strongly depends on the number of fuel components used to formulate the surrogate fuel, 
and this information is highlighted in the results section. 
5.3   Criteria for Surrogate Development 
Several criteria were considered in the development of surrogates [24]. These criteria 
are discussed below. 
1. Availability of the Kinetic Models of the Surrogate Components 
 The selected surrogate components must have their kinetic models available. 
In addition, the kinetic model for each component must be available from a single source 
such that there exists consistency in the Arrhenius rate parameters for any given reaction, and 
transport and thermodynamic parameters for given species. These criteria were considered 
important because the ultimate goal of this study was to conduct 3D CFD simulation using 
surrogate mechanism.  
2. Boiling Points 
The selection of fuel components should be made based on their boiling points. Since 
the surrogates developed in the current study were for diesel engine application, it is 
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desirable to have the volatility, as defined by the distillation curve, of all surrogates as close 
as possible to that of the target JP-8. 
3. Number of Surrogate Components 
The maximum number of surrogate components should not exceed four. It is because 
a simplified surrogate mechanism, consisting of a least possible number of chemical species, 
could be developed for enabling time-efficient simulation analysis. 
4. Limit Only One Component from Each Chemical class 
The final criterion included the selection of only one component from each chemical 
class, particularly for the 4-component surrogates. This would also permit a more realistic 
representation of the chemical classes of the target fuel by the surrogate. 
5.4   Selection of Surrogate Fuel Components 
The surrogate fuel components with available kinetic models were selected based on 
the mechanisms published by CRECK Modeling [47]. More information on this mechanism 
is provided in chapter 8.  
Lawrence Livermore National Laboratory (LLNL) [74] also provides mechanisms for 
a variety of compounds/components, but surrogate components were selected based on the 
mechanisms published by CRECK Modeling because it was found that the mechanisms for 
the surrogate components, which are more relevant to the formulation of Jet surrogates 
(particularly with respect to boiling point criterion), are not available from the LLNL source 
currently. For example, in aromatics class, only toluene mechanism is available. The boiling 
point of toluene is about 110.5
o
C, which is much lower than the initial boiling point of the 
target JP-8 (164.7
o
C as shown in Table 1) considered in the current study. 
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Based on the criteria discussed in section 5.3   , the surrogate fuel candidate 
components along with their boiling points are shown in Table 5.1. 
Table 5.1 Surrogate fuel components candidates 
Molecular Class Fuel Components Candidates Boiling Points (
o
C) 
Normal-Alkanes 
n-heptane 98 
n-decane 174 
n-dodecane 216 
n-hexadecane 287 
Iso-Alkanes 
Iso-octane 98.5 
Iso-cetane (2,2,4,4,6,8,8-heptamethylnonane) 240.2 
Cylco-Alkanes 
Methylcyclohexane 101 
Decalin 187 
Aromatics 
Toluene 110.5 
Ethylbenzene 136 
Xylene 138.5 
n-propylbenzene 159 
1,2,4-trimethylbenzene 168 
Naphthalene 218 
Methylnaphthalene 241.5 
 
In the n-alkanes class, n-heptane, n-decane, n-dodecane, and n-hexadecane are listed 
in Table 5.1. In this list, n-heptane was eliminated simply because of its much lower boiling 
point than the initial boiling point of the target JP-8 (164.7
o
C, Table 2.4). N-decane, n-
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dodecane, and n-hexadecane are good candidate compounds based on their boiling points. 
However, several previous studies considered n-decane [3, 39, 41] and n-dodecane [4, 12, 29, 
38-40] as suitable fuel components for their jet surrogates. In the current study, n-dodecane 
was chosen over n-decane mainly because of the similarity of its physical properties to that 
of the jet fuels [23, 75, 76]. Some of these properties, as listed in [23], are density, viscosity, 
thermal conductivity, and heat capacity.  
In the iso-alkanes class, iso-octane and iso-cetane are listed in Table 5.1. Previous 
studies [3, 77] discussed that the iso-alkanes present in jet fuels are lightly branched. 
Therefore, alkanes with one-methyl branch, such as 2-methyldecane, could be a better choice 
if the kinetic model availability was not a constraint in the current study. However, in this 
study, based on the boiling point criterion, iso-cetane was preferred over iso-octane. 
In the cyclo-alkanes class, methylcyclohexane and decalin are listed in Table 5.1. 
Since the boiling point of methylcyclohexane is much lower than the initial boiling point of 
the target JP-8 (164.7
o
C, Table 2.4), decalin was therefore chosen.  
Finally, in the aromatics class, toluene, ethylbenzene, xylene, n-propylbenzene, 1,2,4-
trimethylbenzene, naphthalene, and methylnaphthalene are listed in Table 5.1. Toluene, 
ethylbenzene, and xylene were eliminated because of their lower boiling points as compared 
to the initial boiling point of the target JP-8 (164.7
o
C, Table 2.4). Previous studies [3, 29] 
discussed that most of the aromatics present in jet fuels are alkylbenzenes. Naphthalene and 
methylnaphthalene are aromatics with two benzene rings. Therefore, they were eliminated. 
Also, surrogate blends consisting of n-decane and alkylbenzenes are suitable to accurately 
predict major characteristics, including benzene profiles, of the kerosene flame [23]. 
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Therefore, the remaining aromatics - n-propylbenzene and 1,2,4-trimethylbenzene - are 
suitable surrogate candidates based on their boiling points; hence, both of these aromatics 
were selected in the surrogate formulation. Also, these two aromatic compounds have the 
same molecular weight and very similar derived cetane number (shown in Table 5.3) but 
different molecular structures (shown in Table 5.2). Therefore, it was interesting to 
investigate the differences in the autoignition and combustion characteristics of the two 
surrogates that mainly differ in the type of aromatic.  
Hence, the selected fuel components for surrogate formulation were n-dodecane, iso-
cetane, decalin, n-propylbenzene, and 1,2,4-trimethylbenzene. The molecular formula and 
structure of these components are shown in Table 5.2. The list of pure compounds which 
were used in some of the previous studies for the formulation of surrogates for petroleum 
based jet fuels are shown in Appendix A. 
Table 5.2 Molecular Structure of Compounds and their Formulas 
Components Molecular Structure 
Molecular 
Formula 
n-dodecane 
 
C12H26 
Iso-cetane 
(2,2,4,4,6,8,8-
heptamethylnonane) 
 
C16H34 
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Decalin 
(Decahydronaphthalene) 
 
C10H18 
n-propylbenzene 
 
C9H12 
1,2,4-trimethylbenzene 
  
C9H12 
 
5.5   Surrogate Formulation Strategy 
The surrogate formulation procedure was initiated in a step wise order starting from 
2- to 3- to 4-component. This procedure was adopted for the following reasons: (i) to 
demonstrate that as the number of components increase in the surrogate, they tend to match 
more closely the targeted properties of the target JP-8, (ii) to investigate the differences in the 
autoignition and combustion characteristics of the 2-, 3-, and 4-component surrogates that 
essentially have the same several targeted properties but differ in either the number or type of 
components. (iii) to highlight the important properties that should be considered in the 
development of a surrogate for diesel engine application.  
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Two series of surrogates were formulated. The first series consisted of n-dodecane, 
iso-cetane, decalin, and n-propylbenzene. The second series was different from the first in 
that instead of n-propylbenzene, 1,2,4-trimethylbenzene was used as an aromatic component. 
Hence, a total of six different types of surrogates were formulated. 
Selection of Components for 2-Component Surrogates 
A 2-component surrogate is the simplest surrogate that can be formulated. Previous 
studies, as reviewed by Dagaut and Cathonnet [75], demonstrated that the oxidation of the 
surrogate mixture containing n-decane and any aromatic compound higher than benzene (e.g. 
toluene, ethylbenzene) resulted in concentration profiles of the major species, intermediates, 
and benzene similar to those of kerosene fuels. Therefore, the choice of fuel components was 
limited to one compound from n-alkane class and the other from aromatics. As a result, the 
first 2-component surrogate (denoted as S1) consisted of n-dodecane and n-propylbenzene, 
and the second 2-component surrogate (denoted as S2) consisted of n-dodecane and 1,2,4-
trimethylbenzene. The components of the surrogate S2 are the same as those present in the 
modified Aachen surrogate [78], which was developed for Jet A/JP-8.      
Selection of Components for 3-Component Surrogates 
The fuel components that were selected for the formulation of 3-component 
surrogates were n-dodecane, decalin, and n-propylbenzene (denoted as S3), and n-dodecane, 
decalin, and 1,2,4-trimethylbenzene (denoted as S4). Instead of iso-cetane, decalin was 
selected as third component mainly because of its lower boiling point. The idea was to 
formulate high to relatively low volatile surrogates as the number of fuel components 
increase from two to three. This also facilitated one to study the effect of volatility and 
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molecular weight on the autoignition and combustion characteristics of surrogates in diesel 
engine like combustion environment. 
Selection of Components for 4-Component Surrogates 
For the formulation of the 4-component surrogates, the final four components were 
selected. They were n-dodecane, iso-cetane, decalin, and n-propylbenzene (denoted as S5) in 
the first series and n-dodecane, iso-cetane, decalin, and 1,2,4-trimethylbenzene (denoted as 
S6) in the second series. 
Hence, the final six surrogates are as follows. 
S1: n-dodecane + n-propylbenzene 
S2: n-dodecane + 1,2,4-trimethylbenzene 
S3: n-dodecane + decalin + n-propylbenzene 
S4: n-dodecane + decalin + 1,2,4-trimethylbenzene 
S5: n-dodecane + iso-cetane + decalin + n-propylbenzene 
S6: n-dodecane + iso-cetane + decalin + 1,2,4-trimethylbenzene 
5.6   Properties of the Surrogate Components Required for the Development of 
Surrogates 
The properties of the surrogate fuel components, as shown in Table 5.3, were required 
for the calculations of the properties of the surrogates. The equations used for the 
calculations are discussed in the following section. It is of note that all the properties, except 
the DCN of n-propylbenzene, in Table 5.3 were either measured or obtained from several 
literatures/sources. Due to the unavailability of the DCN value for n-propylbenzene, its DCN 
was assumed to be 9.0. From the data published by SwRI (Southwest Research Institute) [79] 
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on octane-cetane relationship for different types of gasoline fuels, it was observed that the 
fuels with very similar cetane number have their research octane numbers (RONs) very 
similar as well. The API (American Petroleum Institute) Hydrocarbon Data book shows that 
the RONs for n-propylbenzene and 1,2,4-trimethylbenzene are 101.5 and 101.4, respectively. 
Since the measured value of DCN for 1,2,4-trimethylbenzene, as obtained from [80], is 8.9, 
therefore, the DCN of n-propylbenzene was assumed to be 9.0 for calculations. It is of note 
that even if there existed any discrepancy between the assumed and the measured values of 
DCN for n-propylbenzene, this discrepancy did not affect the measured DCN values of the 
surrogates that contain n-propylbenzene. It was because of the fact that the calculated DCN 
of a surrogate was only an initial parameter that was used to help identify its correlation with 
the measured DCN of the same surrogate mixture, as will be described later in section 5.10    
Table 5.3 Properties of surrogate fuel components 
Component 
Name 
DCN 
H/C 
Ratio 
MW 
(g/mol) 
TSI 
[81] 
BP 
(
o
C) 
Density 
(g/cc) 
LHV 
(MJ/kg
) 
Purity 
(Volum
e 
Basis) 
n-dodecane 78.6
a
 2.17 170.3
b
 7 216
b
 0.753
b,d
 44.5
c
 99.5
b
 
2,2,4,4,6,8,8-
heptamethylnona
ne 
15.1[80] 2.13 226.4
b
 22 240.2
c
 0.793
b,d
 43.86
c
 98.3
b
 
Decalin 34.6
a
 1.8 138.25
b
 22 190
b
 0.896
b,d
 
42.0 
[82] 
99.8
b
 
n-propylbenzene 9.0 1.33 120.19
b
 52 159
b
 0.862
b,d
 41.62
c
 98
b
 
1,2,4-
trimethylbenzene 
8.9[80] 1.33 120.19
b
 61 168
b
 0.876
b,e
 41.44
c
 98
b
 
 
a - Measured using ASTM D-
 
b - from supplier  
 
c - NIST 
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6890 
 
  
d- @ 25
o
C 
 
e - @ 20
o
C 
 
BP - Boiling Point 
 
5.7   Equations 
As mentioned earlier, seven different properties of the target JP-8 was considered, 
and surrogates were required to match these properties. These properties, except volatility, of 
the surrogate mixtures were calculated. The inputs to the calculation are the properties of the 
fuel components that formed the surrogate. The equations used for the calculation of these 
properties of surrogate mixtures are discussed below.  
Derived Cetane Number (DCN) 
Calculation of the DCN of a mixture was based on the linear relationship between the 
volume fraction and the DCN of its individual fuel components, and it was calculated by 
using the following equation [80]. 
𝐷𝐶𝑁𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =  ∑[𝐷𝐶𝑁𝑖 × 𝑉𝑖]    
Density (ρ) 
It was calculated on volume basis using the following equation. 
 𝜌(𝑇)𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = ∑[𝜌(𝑇)𝑖 × 𝑉(𝑇)𝑖] 
Lower Heating Value (LHV) 
It was calculated on mass basis using the following equation. 
 LHVmixture =  ∑[LHVi × mi] 
Hydrogen-to-Carbon Molar Ratio (H/C) 
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It was calculated on mole basis using the following equation. 
  
𝐻
𝐶
 
𝑚𝑖𝑥𝑡𝑢𝑟𝑒
=
∑[𝑋𝑖×𝑛𝐻 ,𝑖]
∑[𝑋𝑖×𝑛𝐶 ,𝑖]
 
Molecular Weight (MW) 
It was calculated on mole basis using the following equation. 
 𝑀𝑊𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = ∑ 𝑀𝑊𝑖 × 𝑋𝑖  
Threshold Sooting Index (TSI) 
It was calculated based on the linear relationship between the mole fraction and the 
TSI of the component as described in [83]. The TSI values of the pure compounds measured 
by Mensch et al. [81] were used in the calculation using the following equation. 
 TSImixture = ∑ TSIi × Xi  
where, 
DCNi = Derived Cetane Number of component i 
Vi = Volume fraction of component i 
ρ
i
= Density of component i 
LHVi = Lower heating value of component i 
mi = mass fraction of component i 
Xi = Mole fraction of component i 
nH,i = Number of moles of Hydrogen per mole of component i 
nC,i = Number of moles of Carbon per mole of component i 
MWi = Molecular Weight of component i 
TSIi = TSI of component i 
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T = Any temperature 
5.8   MATLAB code 
A MATLAB code was developed for the calculation of the properties of the surrogate 
mixtures and for the identification of the optimal surrogate mixture [24]. The MATLAB code 
contained a library of properties of individual pure compounds, as was presented in section 
5.6   , and a set of equations, as was discussed in section 5.7   . The code was developed, in 
the current investigation, to accommodate any number of fuel components, whose property-
library exists.  Depending upon the user-specified tolerances for each targeted property, the 
code calculated all the possible combinations of each of the fuel components that form the 
surrogate mixture. In other words, even though the number of components used in the code 
was many, the code could generate combinations (or mixtures) that required minimum 
number of fuel components and still matched the desired targeted properties.  
5.9   HYSYS Software 
The HYSYS software [84] is sold by Aspen Technology, Inc., USA. It is a steady-
state cum dynamic process simulation software used by oil and gas producers, refineries, and 
engineering companies to optimize process design and operations. Its application examples 
include gas processing, refining, design of distillation column, etc. In the current work, this 
software was utilized for the simulation of the distillation curves of the surrogates. 
The MATLAB code calculation resulted in combinations, in volume fractions, of 
different individual fuel components present in a surrogate. The distillation curve of this 
surrogate was simulated using this software.  
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The inputs to the software were the mole fractions of the individual fuel components 
that formed the surrogate. The software used Peng-Robinson fluid package to solve the 
equation of state and simulate the distillation curve of the surrogate. The distillation curve 
obtained from the software was based on ASTM D86 standard. Also, the distillation curve of 
the target JP-8 was experimentally obtained using the same ASTM D86 standard. Hence, the 
volatility of the surrogate fuel was assessed by comparing its simulated distillation curve 
with the experimentally obtained distillation curve of the target JP-8.  
5.10   Identification of the Optimal Surrogate Mixture 
The MATLAB code, HYSYS simulation software, and IQT were used for the 
identification of the optimal surrogate mixture [24]. The procedure used in the identification 
of the optimal 4-component surrogate is discussed in the following steps. 
1. The surrogate fuel components were selected based on the criteria described earlier. With 
reference to the boiling point criterion, only those fuel components were selected that 
have their boiling points very close or within the boiling temperature range of the target 
JP-8. Thus, this step ensured that any surrogate mixture, which contained these fuel 
components, formulated thereafter would have its distillation curve close to that of the 
target JP-8.  
2. In the MATLAB program, tolerances were set up for the six targeted properties. These 
properties are DCN, density, LHV, H/C ratio, MW, and TSI. The tolerance for DCN was 
set larger than for the remaining five properties. This setting allowed the program to 
compute mixtures with similar density, LHV, H/C ratio, MW, and TSI; however, these 
mixtures had a wide range of DCNs and different proportions of the fuel components. Let 
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such group of mixtures be termed as M1. Mixtures with a wide range of DCNs were 
needed because the calculated DCN might deviate from the measured DCN, which was 
caused by the linearity assumption in the DCN calculation as reported in [80]. The 
matching of the volatility would be taken care of later in the process. 
3. If the execution of the code in step 2 did not generate M1, then a relatively large 
tolerance was set for the less prioritized targeted properties such as TSI and MW, 
including H/C ratio. The code was executed again, and the process was repeated until M1 
was obtained. 
4. One of the mixtures obtained in step 3 was selected. For instance, the selected mixture 
had a calculated DCN of 50. If the measured DCN of this mixture was lower than the 
DCN of the target JP-8, then another mixture with calculated DCN higher than 50 was 
chosen and its DCN was measured in the IQT. This process was repeated until the 
measured DCN of the mixture matched with that of the target JP-8. Hence, this procedure 
resulted in the identification of that calculated DCN (say c-DCN) which when measured 
in the IQT produced the DCN of the target JP-8. Then, all the mixtures that had their 
DCNs essentially the same as c-DCNs were selected for the next step. These mixtures 
then had all the six properties similar; however, they had different proportions of the fuel 
components. 
5. Finally, the distillation curves of all the mixtures, selected in step 4, were simulated using 
HYSYS software. The surrogate mixture that had the closest distillation curve as that of 
the target JP-8 was selected as the optimal 4-component surrogate.  
The flow diagram describing the formulation procedure is shown in Figure 5.1.  
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The tolerances used for the four prioritized targeted properties are shown below. 
DCN: ± 0.5 
Density: ± 15 Kg/m
3
  
LHV: ± 0.2 MJ/Kg 
Volatility: closest 
 
 
Figure 5.1 Flow diagram showing the steps used in the formulation of optimal surrogate 
[24] 
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5.11   Results and Discussion 
Using the procedure described earlier, the optimal 2-, 3-, and 4-component surrogates 
were identified. The properties of these surrogates along with the volume percent of the fuel 
components in each of these surrogates are shown in Table 5.4. 
The data in Table 5.4 shows that the DCN, density, and LHV of all the surrogates are 
closely matched with those of the target JP-8. The calculated density of the surrogates 
deviates from the measured density of the JP-8 fuel by less than 1.64%. It is observed that it 
is difficult to match all the targeted properties of JP-8 fuel with surrogates that have a fewer 
number of components. As the number of surrogate components increases from 2 to 3 and 
from 3 to 4 the matching becomes better, as shown in Figure 5.2.  
Table 5.4 Properties of the target JP-8 and surrogates and volume percent of the 
surrogate components 
Sur
. # 
n-
dode
cane 
Iso-
ceta
ne 
Deca
lin 
n-
propy
lbenz
ene 
124-
trimeth
ylbenze
ne 
Meas
ured 
DCN 
Calc.
DCN 
Densit
y (g/cc) 
H/C 
Ratio 
TSI 
MW 
(g/mol) 
LHV 
(MJ/
Kg) 
JP-
8 
- - - - - 50.1 - 0.797* 1.93* 22.96 160.96* 
43.30
* 
S1 58 - - 42 - 49.8 49.37 0.799 1.78 31.30 143.23 43.19 
S2 60 - - - 40 50.4 50.72 0.802 1.79 35.27 144.06 43.16 
S3 56 - 11 33 - 50.2 50.79 0.805 1.82 28.1 144.84 43.18 
S4 56 - 13 - 31 50.3 51.27 0.810 1.82 31.14 145.16 43.11 
S5 51 9 28 12 - 49.9 52.21 0.81 1.94 20.47 154.36 43.30 
S6 51 11 25 
 
13 50.3 51.55 0.809 1.94 22.6 155.36 43.31 
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Figure 5.2 Comparison of H/C, TSI and MW of JP-8 and surrogates [24] 
 
Figure 5.3 Comparison of measured and calculated DCN of the surrogates [24] 
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Figure 5.3 shows the difference between the calculated and measured DCNs of the 
surrogates. The lack of agreement between the calculated and the measured DCNs might be 
due to the linear relationship assumed for the calculation of DCN. 
In order to evaluate the accuracy of the HYSYS software, the current investigation 
applied it to develop the distillation curves of the surrogates identified and published by 
Wood et al. (14-component) [28] and Schulz (12-component) [85]. The experimental 
distillation data of Schulz surrogate was extracted from [86]. The comparisons of the 
simulated and the experimentally obtained ASTM D86 distillation curves for these surrogates 
are shown in Figure 5.4.   
 
Figure 5.4 Comparison of the simulated (solid lines) and the experimental (dotted lines) 
distillation curves of Wood et al. [28] (Blue color) and Schulz [85] (Red color) [24] 
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Since Figure 5.4 shows a good agreement between the experimental and the 
simulated distillation curves for the two sets of data, the HYSYS software was then used to 
simulate the distillation curves of the all surrogates. The results of the simulation are shown 
in Figure 5.5. 
 
Figure 5.5 Comparison of distillation curves of surrogates and target JP-8 fuel [24] 
Figure 5.5 shows a fairly good agreement between the measured distillation curve for 
the target JP-8 and the simulated results for the surrogates. However, surrogates S5 and S6 
which have four components depict closer agreement than the other surrogates which have a 
fewer number of components. It is quite evident that the addition of two compounds, one 
with lower and the other with higher boiling points, in S5 and S6 can result in the better 
overall match between the measured and the simulated distillation curves. 
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5.12   Chapter Conclusion 
The results obtained from the development of surrogates indicate that it is easier to 
match more number of properties, including distillation curve, of the target JP-8 as the 
number of components increase in a surrogate. Further, the calculated DCN showed variable 
degrees of agreement with the measured DCN, and the reason for this can be attributed to the 
DCN calculation equation, which was based on linearity assumption. 
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CHAPTER 6 - VALIDATION OF SURROGATES IN THE IGNITION QUALITY 
TESTER 
6.1   Chapter Overview 
In the previous chapter, a total of six different surrogates were developed. Now these 
surrogates will be validated against the target JP-8 in conditions similar to those in diesel 
engines. For this purpose, the Ignition Quality Tester (IQT) was used. Hence, this chapter 
presents comparisons of the autoignition and combustion characteristics of the six surrogates 
and the target JP-8 in the IQT. The results obtained from the tests are important to examine 
the fidelity of the methodology used for the development of surrogates. 
6.2   Test Conditions 
The tests used for matching the DCN of the surrogates with that of the target JP-8 
were conducted in the IQT with the skin temperature kept at 585
o
C, as specified in ASTM 
D6890-10a. In order to compare between the autoignition and combustion characteristics of 
the target JP-8 and the surrogates at different temperatures, tests were conducted in the IQT 
at two additional skin temperatures of 535
o
C and 605
o
C. As mentioned previously, the 
charge temperature is approximately 30
o
C lower than the skin temperature. The air pressure 
in the chamber before the start of the tests was kept constant at 2.137 MPa at all the test 
conditions. 
6.3   Results and Discussion 
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The gas pressure during each test was recorded for a minimum of 64 cycles, and the 
average was used to calculate the RHR. The RHR traces were smoothed by calculating 11-
point moving average.  
Comparisons of the Combustion Gas Pressure, RHR, Cumulative Heat Release, and 
Needle Lift Signals  
Figure 6.1 to Figure 6.6 show comparisons of the combustion gas pressure, RHR, 
cumulative heat release, and needle lift signals between the surrogates and the target JP-8 at 
all three test temperatures in the IQT. 
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Figure 6.1 Surrogate S1 vs. Target JP-8 - Comparisons of gas pressure, rate of heat 
release, cumulative heat release, and needle lift at different test temperatures in IQT 
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Figure 6.2 Surrogate S2 vs. Target JP-8 - Comparisons of gas pressure, rate of heat 
release, cumulative heat release, and needle lift at different test temperatures in IQT 
83 
 
 
 
Figure 6.3 Surrogate S3 vs. Target JP-8 - Comparisons of gas pressure, rate of heat 
release, cumulative heat release, and needle lift at different test temperatures in IQT 
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Figure 6.4 Surrogate S4 vs. Target JP-8 - Comparisons of gas pressure, rate of heat 
release, cumulative heat release, and needle lift at different test temperatures in IQT 
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Figure 6.5 Surrogate S5 vs. Target JP-8 - Comparisons of gas pressure, rate of heat 
release, cumulative heat release, and needle lift at different test temperatures in IQT 
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Figure 6.6 Surrogate S6 vs. Target JP-8 - Comparisons of gas pressure, rate of heat 
release, cumulative heat release, and needle lift at different test temperatures in IQT 
Figure 6.1 to Figure 6.6 show that all the surrogates fairly reproduced the combustion 
gas pressure, RHR, cumulative heat release, and needle lift signals of the target JP-8 at all 
test temperatures. The closeness of the needle lift signals indicate that the injection events 
occurred in the same way for the surrogates and the target JP-8. Also, the cumulative heat 
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release of the surrogates and the target JP-8 are very similar at all test temperatures, thus 
indicating the closeness in their heating values (as shown in Table 5.4), which was one of the 
parameters considered during the surrogate formulation. However, it is clearly observed that 
the highest mismatch between the surrogates and the target JP-8 occurred at lowest test 
temperature of 535
o
C. 
Nevertheless, comparisons of the RHR of the surrogates with that of the target JP-8 at 
different test temperatures clearly show that, in overall, the surrogate S2 resulted in the 
closest match with the target JP-8.   
6.3.1   Analysis of the Results 
Regression Analysis 
In order to examine the closeness between the matching of the surrogates and the 
target JP-8 characteristics, a linear regression calculation was performed between the 
pressure data of each surrogate and the target JP-8. Table 6.1 shows the computed regression 
data from SOI to 10 ms, while Table 6.2 shows the regression data from the start of 
combustion (SOC) to 10 ms. 
Table 6.1 Linear regression values for the pressure Data (from SOI to 10 ms) of each 
surrogate vs. the target JP-8 fuel at different test temperatures 
  T: 535
o
C T: 585
o
C T: 605
o
C 
S1 0.984 0.995 0.991 
S2 0.986 0.999 0.997 
S3 0.98 0.997 0.995 
S4 0.994 0.996 0.993 
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S5 0.978 0.998 0.989 
S6 0.985 0.998 0.987 
 
Table 6.2 Linear regression values for the pressure data (from SOC to 10 ms) of each 
surrogate vs. the target JP-8 fuel at different test temperatures 
  T: 535
o
C T: 585
o
C T: 605
o
C 
S1 0.969 0.981 0.961 
S2 0.969 0.997 0.989 
S3 0.956 0.991 0.979 
S4 0.984 0.989 0.975 
S5 0.956 0.995 0.954 
S6 0.97 0.995 0.946 
 
The regression analysis showed only minor differences between the surrogates and 
the target JP-8, thus indicating that all the surrogates reproduced the combustion gas pressure 
of the target JP-8 very closely.  
Analysis of the Ignition Delay of all Surrogates 
Figure 6.7 shows the ID of all the surrogates and the target JP-8, including the 
percent-differences in the IDs of surrogates with respect to the reference target JP-8, at the 
three test temperatures. From this figure, it can be concluded that the IDs of the surrogates 
are very close to that of the target JP-8 at all temperatures, as the differences are within ± 3%.  
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Figure 6.7 Ignition delays of the surrogates and the target JP-8 at different test 
temperatures [24] 
Analysis of the RHR-Peak Value  
The value of the RHR-Peak is related to the highest rate of pressure rise due to the 
combustion of the premixed fraction of charge. The value of the RHR-Peak depends on the 
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length of the ID period, rate of fuel delivery, rates of evaporation and mixing of fuel vapor 
with air, and heating value of the fuel. 
 
Figure 6.8 RHR-Peak values of the surrogates and the target JP-8 at different test 
temperatures [24] 
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The top plot in Figure 6.8 shows the comparison of the RHR-Peak of the surrogates 
with that of the target JP-8 at all test conditions, while the bottom plot shows the percent 
difference in the value of the RHR-Peak of the surrogates with respect to that of the target 
JP-8. The variations in the RHR peaks for different fuels can be attributed to the cumulative 
effects of small differences in the physical and chemical properties of the fuels. It is 
challenging to segregate the effects of such small changes of each property on the RHR-
Peak. However, the top plot in Figure 6.8 shows a noticeable drop in the RHR-Peak value for 
S3 and S4 as compared to other surrogates at the three temperatures. It should be noted that 
the only difference between S3 and S1 components is decalin.  Similarly, the only difference 
between S4 and S2 is also decalin.  This suggests that the addition of decalin to S1 and S2 to 
form S3 and S4, respectively, decreased their RHR-Peak values. Hence, it appears that 
decalin is a poor candidate for the development of the JP-8 surrogate, particularly when the 
surrogate consists of a limited number of fuel components.  
Overall, the surrogate S6, followed by S2, produced closer RHR-Peak values than 
other surrogates when compared to the RHR-Peak value of the target JP-8. 
Analysis of the RHR-Peak Location 
The top plot in Figure 6.9 shows the comparison of the location of the RHR-Peak of 
the surrogates with that of the target JP-8 at all test conditions, while the bottom plot shows 
the percent difference in the location of the RHR-peak with respect to that of the target JP-8. 
The figure shows that the location of the RHR-Peak of all the surrogates is fairly close to that 
of the target JP-8 at the three test temperatures. However, the surrogate S2, overall, resulted 
in the closest match.  
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Figure 6.9 RHR-Peak locations of all the surrogates and the target JP-8 at different test 
temperatures [24] 
6.4   Chapter Conclusion 
In the current investigation, the surrogates were evaluated against the target JP-8 in 
terms of their gas pressure, ID, and the value and location of the RHR-Peak. The outcome of 
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the analysis showed close similarities between all the surrogates, which have different 
numbers of components, and the target JP-8 in tests conducted at temperatures varying from 
535
o
C to 605
o
C. It is interesting to notice that while the 4-component surrogates - S5 and S6 
- more closely matched all the seven targeted physical and chemical properties of the JP-8, 
the 2-component surrogates (S1 and S2) closely reproduced the autoignition and combustion 
characteristics of the target JP-8 in the IQT.  This observation is in consistent with results 
obtained in engine tests conducted at Aachen using a two-component surrogate which closely 
matched the results of diesel fuel [27]. However, the engine tests were conducted in PCCI 
conditions. The results indicated a close matching of the cylinder gas pressures in additions 
to the trends in engine-out emissions. 
It should be made clear that the matching of the two-component surrogates using the 
IQT in this investigation was for JP-8 fuel, and the matching using an engine at Aachen was 
for diesel fuel. These fuels have good ignition quality (CN), and, therefore, the matching of 
low ignition quality JP-8, such as SASOL of 25 CN, might require a surrogate consisting of 
more than two components. 
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CHAPTER 7 - VALIDATION OF A SURROGATE IN A SINGLE CYLINDER 
RESEARCH DIESEL ENGINE 
7.1   Chapter Overview 
The results obtained from the validation of surrogates in previous chapter showed that 
the surrogate S2 closely reproduced the autoignition and combustion characteristics of the 
target JP-8 in the IQT. This finding, coupled with the lower cost of two components favored 
its use in an experimental investigation on a single cylinder research diesel engine to 
compare its combustion and emission characteristics with the target JP-8.  
7.2   Revisiting the Properties of the Surrogate S2 and the Target JP-8 
The properties of the surrogate S2 and the target JP-8 are revisited here, and they are 
shown in Table 7.1. The table shows the comparison of an additional property called flash 
point, which was not included in Table 5.4 earlier. The flash point of a fuel is the lowest 
temperature at which the fuel vapor ignites under the application of an ignition source at 
standard testing conditions [87]. The flash points for these fuels were calculated using the 
correlation described in [29]. The correlation utilizes the temperatures corresponding to 
initial and 10 percent volume fractions recovered in the distillation column. Therefore, the 
flash point of JP-8, which is 49.4, shown in Table 7.1 is different and slightly lower than the 
value, which is 50.2, shown in Table 2.4. The calculations show that the flash points of the 
surrogate S2 and the target JP-8 are very close (difference of 5 degrees), thus indicating that 
both the fuels have similar volatilities in the first 10% of their volume fraction recovered, 
which can also be observed in Figure 7.1 that shows the comparison of the experimentally 
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obtained (ASTM D86) distillation curves of the surrogate S2 and the target JP-8. However, 
the figure illustrate that, in overall, the surrogate S2 is slightly more volatile than the target 
JP-8, particularly after 40% volume fraction recovered. 
Table 7.1 Properties of the surrogate S2 and the target JP-8 
Properties JP-8 S2 
Derived Cetane Number (DCN) 50.1 50.4 
Hydrogen-to-carbon Ratio 1.93 1.79 
Molecular Formula C11.54H22.26 C10.43H18.67 
Molecular Weight (g/mol) 160.96 144.06 
Flash Point (Calculated) (
o
C) 49.4 54.4 
Lower Heating Value (MJ/kg) 43.3 43.16 
Threshold Sooting Index (TSI) 22.96 35.27 
Density (g/cm
3
) @ 25
o
C 0.797 0.802 
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Figure 7.1 Comparison of distillation curves of surrogate S2 and target JP-8 
7.3   Test Conditions 
The test conditions at which the surrogate S2 was validated against the target JP-8 are 
shown in Table 7.2. The variables of the test were intake air temperature and pressure and 
timing of SOI. 
Table 7.2 Test Conditions 
Engine Load 3 bar IMEP 
Engine Speed 1500 RPM 
Swirl 3.77 
EGR 0 % 
Rail Pressure 800 bar 
Intake Air Pressure (bar) 1.2 1.26 1.35 
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Intake Air Temperature (Tint) (
o
C) 30 70 110 
Start of Injection (CAD) 2.2 bTDC 0.2 bTDC 1.8 aTDC 0.3 bTDC 2.2 bTDC 
 
The test conditions, as shown in Table 7.2, are a part of a larger test matrix that 
involved investigation related to activation energy calculation of the surrogate and the target 
fuels in engine conditions. The requirement of the tests was to maintain the overall 
equivalence ratio at different intake temperatures; therefore, the intake pressure was required 
to be varied as well. This investigation involving activation energy calculation will be 
covered in another doctorate dissertation.  
7.4   Results and Discussion 
For each test, the data was recorded at steady state conditions. The fuel flow rate was 
recorded by averaging the results over 20 minutes. The engine-out NOx, carbon monoxide 
(CO), and unburned hydrocarbons (HC) emissions obtained from Horiba were the average of 
five runs. The particulate matter (PM) data were recorded using the SMPS for each test point. 
Comparison of the Fuel Delivery Rates 
The rates of fuel delivery for the surrogate and the target JP-8 at all test conditions are 
shown in Table 7.3. These differences are within the reading error of the fuel metering 
system and can, therefore, be considered similar. Hence, these data stand as a proof for the 
similarity in the heating values of these fuels, which was one of the targeted properties 
considered during the development of the surrogate. 
Table 7.3 Fuel rate (gm/min) of surrogate and target JP-8 at different test conditions 
SOI @ Tint JP-8 Surr 
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2.2 bTDC @Tint= 30
o
C  5.69 5.67 
0.3 bTDC @Tint= 30
o
C 5.68 5.75 
1.8 aTDC @Tint= 30
o
C 5.77 5.65 
0.3 bTDC @Tint= 70
o
C 5.56 5.70 
2.2 bTDC @Tint= 110
o
C 5.89 5.65 
 
Comparisons of the Cylinder Pressure, Rate of Heat Release, Mass-averaged Gas 
Temperature, and Needle Lift Signals 
Figure 7.2 to Figure 7.6 show comparisons of the measured cylinder gas pressure, rate 
of heat release (RHR), mass-averaged gas temperature, and needle lift signals of the 
surrogate with those of the target JP-8 at all five different test conditions. It is observed in 
these figures that the surrogate closely reproduces these compared data of the target JP-8 at 
all test conditions. Moreover, the similarities in the needle lift signals of the surrogate and the 
target JP-8 in these figures demonstrate the similarities in the injection process, including the 
start and end of injections and fuel mass, for these fuels. 
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Figure 7.2 Cylinder pressure, rate of heat release, mass-averaged cylinder gas 
temperature, and needle lift signal for the JP-8 (bluelines) and surrogate S2 (red lines) 
at injection timing of 2.2 CAD bTDC & 30
o
C intake air temperature 
Of these compared data, the least match, however, occurred at the late SOI timing of 
1.8 CAD aTDC and 30
o
C intake air temperature condition. 
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Figure 7.3 Cylinder pressure, rate of heat release, mass-averaged cylinder gas 
temperature, and needle lift signal for the JP-8 (bluelines) and surrogate S2 (red lines) 
at injection timing of 0.3 CAD bTDC & 30
o
C intake air temperature 
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Figure 7.4 Cylinder pressure, rate of heat release, mass-averaged cylinder gas 
temperature, and needle lift signal for the JP-8 (bluelines) and surrogate S2 (red lines) 
at injection timing of 1.8 CAD aTDC & 30
o
C intake air temperature 
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Figure 7.5 Cylinder pressure, rate of heat release, mass-averaged cylinder gas 
temperature, and needle lift signal for the JP-8 (bluelines) and surrogate S2 (red lines) 
At injection timing of 0.3 CAD bTDC & 70
o
C intake air temperature 
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Figure 7.6 Cylinder pressure, rate of heat release, mass-averaged cylinder gas 
temperature, and needle lift signal for the JP-8 (bluelines) and surrogate S2 (red lines) 
at injection timing of 2.2 CAD bTDC & 110
o
C intake air temperature 
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Comparison of the Ignition Delay of the Surrogate and the Target JP-8 
Figure 7.7 shows a comparison of the ignition delays of the surrogate and the target 
JP-8 at all the test conditions. The ignition delay, for these data, is defined as the duration 
between the SOI and the time corresponding to 5% heat release. 
 
Figure 7.7 Ignition delays of the surrogate and the target JP-8 at different start of 
injection timings and intake air temperature 
It is observed in the figure that the surrogate and the target JP-8 have almost the same 
ignition delays at all tested conditions. The maximum difference in the ignition delays is 
within 9.5% relative to the ignition delay of the target JP-8, and it occurs at SOI timing of 1.8 
CAD aTDC and 30
o
C intake air temperature. The reason for a relatively large ignition delay 
difference at this test condition is not clear at the present time and requires further 
investigation. 
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Comparison of the Engine-Out Emissions 
Figure 7.8 shows comparisons of the measured engine-out emissions - NOx, PM, CO, 
and HC - for the surrogate and the target JP-8 at all the tested conditions. The error bar shows 
the variation in the recorded emissions data. It is observed in the figure that the engine-out 
gaseous emissions for the surrogate are close to those of the target JP-8 at all the tested 
conditions. The similarities in these emissions for the surrogate and JP-8 can be attributed to 
their similar auto-ignition and combustion characteristics.  
On the other hand, it is clearly observed in Figure 7.8 that the PM emissions for the 
surrogate are lower than that of the target JP-8 at all the tested conditions. However, the trend 
in PM emissions of the target JP-8 is accurately reproduced by the surrogate. 
It is of note that although the TSI of the surrogate S2, which is 35.27, is much higher 
than that of the target JP-8, which is 22.96, as shown in Table 5.4, the PM emissions are 
lower for the surrogate. This shows that the TSI is not the most accurate parameter to define 
the sooting tendency of a fuel under conventional diesel engine operating conditions, where 
soot formation is strongly affected not only by the aromatic content of the fuel but also by its 
thermo-physical properties which have impact on fuel spray, evaporation, and mixing 
processes. For instance, the comparison of the distillation curves of the surrogate and the 
target JP-8 in Figure 7.1 shows that the surrogate is slightly more volatile than the target JP-
8. Previous investigations [70, 88, 89] have shown that a fuel with a relatively higher 
volatility produce lower PM or soot emissions. Moreover, Figure 7.1 shows that the end 
boiling point of the surrogate is lower than that of the target JP-8. It means that the JP-8 fuel, 
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as compared to the surrogate S2, has heavier components, which have more potential for 
increased soot production [90]. 
 
Figure 7.8 Comparisons of the engine-out emissions between the surrogate and the 
target JP-8 at different start of injection 
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Further, petroleum based fuels such as JP-8 contain trace species that contribute in 
soot formation [23], and because of this reason the surrogate is likely to result in lower soot 
emissions. However, further investigation is needed here to identify the reasons for the lower 
amounts of PM for the surrogate S2 although its aromatic content is almost double of that 
present in the target JP-8. 
7.5   Chapter Conclusion 
It was observed that the surrogate S2 closely reproduced the autoignition, 
combustion, and engine-out NOx, CO, and HC emissions of the target JP-8 at all the tested 
conditions. Although the surrogate reproduced the trend in PM emissions of the target JP-8 
accurately, it was, however, unable to reproduce the absolute values of the PM emissions of 
the target JP-8. In overall, these results indicate that the surrogate S2 could be a reliable JP-8 
surrogate for its use in future investigation.  
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CHAPTER 8 - SURROGATE MECHANISM: REDUCTION AND VALIDATION 
8.1   Chapter Overview 
A kinetic model of the surrogate is required to perform 3D CFD simulation of the 
conditions at which the surrogate S2 was validated against the target JP-8 in the engine. Also, 
it is preferred that the kinetic model of the surrogate consists of the least possible number of 
species so as to enable time-efficient CFD simulation. Hence, this chapter covers the 
description of a detailed mechanism from which a reduced surrogate mechanism is 
developed, the procedure of mechanism reduction, and the tools that are utilized for the 
reduction and validation of the reduced mechanism. 
8.2   Mechanism 
A detailed mechanism from CRECK modeling [47] was utilized. The mechanism 
(version 1212, December 2012) consists of 466 species and 14631 reactions, including NOx 
reactions. The detailed mechanism, which includes low and high temperature reaction 
pathways, covers pyrolysis, partial oxidation, and combustion of hydrocarbon fuels up to C-
19 atoms. More details about the mechanism can be found in [91], while details on its NOx 
mechanism can be found in [92-94]. Previous investigation that used the mechanism from 
CRECK Modeling can be found in [95]. 
The detailed mechanism includes reaction pathways for several compounds. These 
compounds, based on the classification of their chemical classes, along with their boiling 
points are shown in Table 5.1, and are therefore not shown here in order to avoid repetition. 
109 
 
 
The original size of this mechanism was considered large for 3D CFD simulation as it 
consisted of 466 species. Since computational time increases as the square of the number of 
chemical species [96, 97], it was therefore necessary to reduce this mechanism to a minimum 
possible number of species for conducting time-efficient 3D CFD simulation. 
8.3   Mechanism Reduction 
8.3.1   Mechanism Reduction Tool 
The software tool that was utilized for mechanism reduction was Chemical 
Workbench [98] sold by Kintech laboratory, Moscow, Russia. The software tool can also be 
used for several other purposes, such as reactor scale kinetic as well as thermodynamic 
modeling, merging mechanisms, mechanisms analysis and comparisons, visualizing reaction 
pathways at different simulated times, etc. Additional information on this software tool can 
be found in [99], while the previous study that utilized this tool for mechanism reduction is 
described in [100]. 
The Chemical Workbench software tool offers several mechanism reduction methods 
[101]. These methods are listed below. 
1. Direct Sensitivity Analysis (DSA) 
2. Principal Component Analysis (PCA) 
3. Normalized Rate Sensitivity Coefficients 
4. Overall Normalized Species Sensitivity Coefficients 
5. Detailed Reduction Method (DR) 
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6. Rate of Production Index Analysis (ROP Index) 
7. Directed relation graph (DRG) 
8. Directed relation graph with error propagation (DRGEP) 
9. Path Flux Analysis (PFA) 
10. Computational Singular Perturbation method (CSP) 
Of these different types of reduction methods, the most popularly discussed in various 
literatures are DRG [102, 103], DRGEP [104, 105], PFA [106], and CSP [107, 108].  
8.3.2   Mechanism Reduction Methods used in this Study 
In the current study, the combination of PFA and CSP was utilized for mechanism 
reduction. Therefore, only these methods are discussed here. 
Path Flux Analysis 
Path flux analysis (PFA) method is used for the reduction of the number of species. 
However, when species are removed during the reduction process, the reactions that involve 
all of the removed species are also eliminated from the original mechanism.  
In PFA reduction method, an initial list of species, known as target species, is 
selected. These species may comprise of O2, N2, CO2, H2O, and any other radical which are 
required to be retained in the reduced mechanism. Then the reduction process is initiated by 
identifying the contribution of any non-target species in the production and consumption flux 
of the target species in terms of its importance index [101]. If the importance index of any 
non-target species is smaller than the user-specified threshold value, then this non-target 
species is removed from the original mechanism. 
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The equations as well as the description involved in the calculation are taken from 
[101] and are discussed below. 
Following are the parameters of the equations. 
w – reaction rates  
ʋ - stoichiometric coefficient  
Ω - list of target species  
The target species are the set of important species which are retained in the reduced 
mechanism. 
k – reaction number 
I – importance index 
The importance index, I, is a normalized factor, whose value range from 0 to 1. 
Initially, all the target species are assigned a value of 1. 
For each target species AΩ, its production flux is given by 
𝑷𝑨 =  𝒎𝒂𝒙(
𝒌
ʋ𝑨𝒌𝒘𝒌,𝟎) 
Similarly, for each target species AΩ, its consumption flux is given by 
𝑪𝑨 =  𝒎𝒂𝒙(−
𝒌
ʋ𝑨𝒌𝒘𝒌,𝟎) 
If B is the non-target species, then its contribution in the production of the species A 
is evaluated as 
𝑟𝐴𝐵
𝑝𝑟𝑜 =
𝑃𝐴𝐵
max⁡(𝑃𝐴 ,𝐶𝐴)
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where 
𝑷𝑨𝑩 =  𝒎𝒂𝒙(ʋ𝑨𝒌𝒘𝒌𝜹𝑩
𝒌 ,𝟎)
𝒌
 
 
𝜹𝑩
𝒌 =  
𝟏, ʋ𝑩𝑲 ≠ 𝟎
𝟎, ʋ𝑩𝑲 = 𝟎
  
Similarly, the contribution of B to the consumption of the species A is evaluated as 
𝒓𝑨𝑩
𝒄𝒐𝒏𝒔 =
𝑪𝑨𝑩
𝐦𝐚𝐱⁡(𝑷𝑨,𝑪𝑨)
 
where 
𝐶𝐴𝐵 =  𝑚𝑎𝑥(−ʋ𝐴𝑘𝑤𝑘𝛿𝐵
𝑘 , 0)
𝑘
 
Then, 
𝐼𝐵 = 𝑚𝑎𝑥𝐴Ω  
𝑟𝐴𝐵
𝑝𝑟𝑜 + 𝑟𝐴𝐵
𝑐𝑜𝑛𝑠
2
× 𝐼𝐴  
In the equation above, IA = 1 for all the species present in the initial list of target 
species. If IB is greater than the user-specified threshold value, then the species B is 
considered important and is added to the list of target species Ω. The list of target species is 
updated each time a species is added to the list of target species, and a new iteration of the 
importance index is made. This iteration is repeated until no more important species is found. 
Hence, the reduced mechanism will finally consist of the list of the latest target species and 
the associated reactions.  
The PFA algorithm is taken from [101] and is shown in Figure 8.1. 
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Figure 8.1 Schematic of the PFA algorithm 
Computational Singular Perturbation 
Computational singular perturbation (CSP) method is used to remove reactions and 
the associated species. In CSP, the importance index of any reaction that influences the target 
species is determined based on quasi-steady state concept for the group of coupled species. If 
the importance index of any reaction is smaller than the user-specified threshold value, then 
the reaction is removed from the original mechanism. 
In this method, two sub domains (fast and slow) are defined and treated separately. 
The reactions, which are considered most important, from each sub-domain are retained in 
the reduced mechanism. A time scale parameter is defined to separate fast and slow sub 
domains. Instead of individual species, linear combinations of species are determined for 
quasi-steady state using eigenvalue and eigenvector decomposition of the Jacobian matrix. 
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The equations as well as the description involved in the calculation are taken from 
[101] and are discussed below. 
Following are the parameters of the equations. 
w – reaction rate 
ʋ - stoichiometric coefficient  
 - critical time scale that separates fast and slow sub domains 
The time scale parameter is a non-negative value and is specified by the user. 
J – Jacobian matrix 
Ω - list of target species  
The target species are the set of important species retained in the reduced mechanism. 
k – reaction number 
I – importance index 
S – stoichiometric vector 
(b
s
.Sk) – scalar product of two vectors that gives the stoichiometric coefficient of the group of 
species in the reaction k 
N – number of slow time scales 
M – number of fast timescales 
Np – number of reactions in the mechanism  
The importance index, I, is a normalized factor, whose value range from 0 to 1. 
Initially, all the target species are assigned a value of 1. The equations used to compute the 
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importance indices of the reaction k influencing the target species “i” in the fast and slow sub 
domains are shown below.  
For fast sub domain, 
 𝐼𝑘
𝑖  
𝑓𝑎𝑠𝑡
=
∑ 𝑎𝑟
𝑖 (𝑏𝑟 .𝑆𝑘)𝑤
𝑘𝑀
𝑟=1
∑  ∑ 𝑎𝑟
𝑖 (𝑏𝑟 .𝑆𝑗 )𝑤𝑗
𝑀
𝑟=1  
𝑁𝑝
𝑗=1
 
For slow sub domain, 
 𝐼𝑘
𝑖  
𝑠𝑙𝑜𝑤
=
∑ 𝑎𝑠
𝑖 (𝑏𝑠 . 𝑆𝑘)𝑤
𝑘𝑁
𝑠=𝑀+1
∑  ∑ 𝑎𝑠
𝑖 (𝑏𝑠 . 𝑆𝑗 )𝑤𝑗
𝑁
𝑠=𝑀+1  
𝑁𝑝
𝑗=1
 
Two values of importance indices are calculated for each reaction and each important 
species. The higher value of the importance index is used to represent the overall importance 
of the reaction for the mechanism. If this value is higher than the user-specified threshold 
value, then the reaction is considered important. The species of this reaction are added to the 
list of initial target species. The list of target species is updated each time new species are 
added to the list of target species, and a new iteration of the importance analysis is made. 
This new iteration includes the recalculation of the importance indices for those reactions 
which were considered unimportant earlier. If the new iteration finds some of these reactions 
important, then they are added to the reduced mechanism, along with the species involved in 
these reactions. The iteration is repeated until no new important species is found. Hence, the 
reduced mechanism will finally consist of the list of the latest target species and the 
associated reactions. 
The CSP algorithm is taken from [101] and is shown in Figure 8.2. 
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Figure 8.2 Schematic of the CSP algorithm 
8.3.3   Mechanism Reduction Procedure 
The mechanism reduction procedure utilized PFA and CSP reduction methods, as 
discussed previously. Using these methods, the original detailed mechanism, which consisted 
of 466 species and 14631 reactions, was reduced to 120 species and 1471 reactions, in steps 
as discussed below [109]. 
i) The original mechanism consists of the species having carbon atom numbers ranging 
from C1 to C19. Since the surrogate S2 consists of compounds having the highest carbon 
atom number 12 (C12), which is in n-dodecane, the species having carbon atom number 
higher than C12 were identified as redundant species in the original mechanism and were 
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easily removed along with the related reactions using the DARS Basic [110] mechanism 
reduction module (described in the following section). This resulted in the reduced 
mechanism consisting of 408 species and 12587 reactions. 
ii) In the second step, Chemical Workbench software tool [98] with PFA [101] and CSP 
[101] reduction methods were utilized for further reduction. 
The main criterion in the reduction was to keep the maximum difference (error 
tolerance) between the ignition delays of the original and the reduced mechanisms under 
±10% [109]. Mechanism reduction was initiated using PFA method. The initial set of target 
species selected were the fuel species (n-dodecane and 1,2,4-trimethylbenzene), air (O2 and 
N2), HO2, O, H, OH, CO, NO, NO2, and inert species (He and Ar), including H2O and CO2. 
The conditions for the reduction included equivalence ratio of 0.5 (for 50-50 mole fractions 
of n-dodecane and 1,2,4-trimethylbenzene) and different temperatures (500-800 K). 
To begin with, the initial threshold value was kept small and the reduction was 
performed for 408 species and 12587 reactions. The reduction was done in a step-wise 
manner by increasing the initial threshold value gradually, thus removing less important 
species and reactions, until the error tolerance in the ID exceeded ±10%. This was a straight 
forward process which resulted in the reduced mechanism consisting of 188 species and 4216 
reactions for the threshold value of 0.005. Any further increment in the threshold value 
resulted in the reduced mechanism with more than ±10% error in the ID. Therefore, the 
additional reduction using PFA was done in an iterative manner, wherein the threshold value 
was increased by a small number such that the reduction would result in the elimination of 
only one species at a time from the 188 species mechanism. The eliminated species was 
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recorded and the comparison of the ID of the newly reduced mechanism was made with that 
of the 188 species mechanism. If the difference in the ID of these mechanisms at any 
validation point was in excess of ±10% then the recorded species was added to the list of 
initial target species and was retained in the reduced mechanism. In the next step, the 
threshold value was increased again by a small number and the newly eliminated species was 
recorded. If the comparison of the IDs of the newly reduced mechanism and its parent 
mechanism showed ID difference within ±10% error, then the species was considered 
unimportant and was disregarded along with the associated reactions. Hence, in other words, 
a sensitivity analysis was performed to quantify the effect of each species on ID. The process 
was continued until no further reduction could be made within ±10% ID error tolerance. 
Although this was a very exhaustive manual process, it, however, turned out to be a very 
useful approach for mechanism reduction as it resulted in the significant reduction of the 
species as well as reactions. The reduced mechanism finally obtained using this approach 
consisted of 126 species and 1765 reactions. 
Eventually, the CSP reduction was applied to 126 species and 1765 reactions 
mechanism using the same set of target species and reduction conditions as were used in PFA 
reduction earlier. The CSP threshold value of 0.018 resulted in 120 species and 1471 
reactions with ID error tolerance within ±10%.  
Hence, with respect to 408 species mechanism, a reduction of 71% was achieved.  
8.4   Mechanism Validation 
In the previous section, the original mechanism, which consisted of 466 species and 
14631 reactions, was reduced to 120 species and 1471 reactions. After the reduction, it is 
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necessary to validate the reduced mechanism against its parent mechanism at different 
conditions of temperature, pressure, and equivalence ratio. 
8.4.1   Mechanism Validation Tool 
DARS (Digital Analysis of Reaction Systems) Basic tool was utilized for the 
validation of the reduced mechanism against its original detailed mechanism. The tool is sold 
by DigAnaRS LLC, NY, USA [110]. The software tool offers a wide range of 0D reactor 
models and 1D flame calculations. It also allows users to visualize reaction mechanisms, 
perform sensitivity analysis, flow and lifetime analysis, and reduce mechanisms. Additional 
information on this software can be found in [111]. 
8.4.2   Validation of the Reduced Mechanism 
For the validation of the reduced mechanism against the original mechanism, a 
constant volume homogeneous reactor with different temperature, pressure, and equivalence 
ratio conditions were simulated from zero to 10 milliseconds for a mixture with 50-50 mole 
fractions of n-dodecane and 1,2,4-trimethylbenzene. These conditions are typical of diesel 
engine operations and are shown in Table 8.1. 
For mechanism validation, the ignition delay (ID) was defined as the time 
corresponding to the maximum temperature change [112]. The comparisons of the IDs of the 
original and the reduced mechanisms at all the validation points, as listed in Table 8.1, are 
shown in Figure 8.3.  
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Table 8.1 Conditions used for the validation of the reduced mechanism 
Test Variables Variables Range 
Temperature (K) 700  - 1300  (∆T = 50) 
Pressure (bar) 40, 60, 80 
Equivalence ratio (Phi) 0.5, 1.0, 2.0 
 
It is of note that the unit of ID shown on Y-axis of each figure is the absolute value of 
ID in milliseconds, and not in the logarithmic scale. The results show close agreement in the 
IDs of the original 466 species and both the reduced mechanisms: 408 species obtained in 
step 1 and 120 species obtained in step 2. Also, it is observed in these figures that the IDs of 
the reduced 120 species mechanism is in better agreement with the IDs of the original 
mechanism at higher temperatures than at lower temperatures. At lower temperatures, the 
reduced mechanism has slightly shorter ID, however, within ±10% allowed error. Overall, 
both the reduced mechanisms very closely reproduced the ID values of the original 
mechanism at all validation points. 
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Figure 8.3 Comparison of the ignition delays of the original and the reduced 
mechanisms at different conditions of temperature, pressure, and equivalence ratio 
[109] 
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Figure 8.4 Comparison of the NO of the original and the reduced mechanisms at 
different conditions of temperature, pressure, and equivalence ratio [109] 
Further validation included the comparisons of the oxides of Nitrogen (NO and NO2) 
of the original and the reduced mechanisms. The validations for NO are shown in Figure 8.4 
and for NO2 are shown in Figure 8.5. It is observed in these figures that the reduced 
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mechanisms closely reproduced the mole fractions of the NO and NO2 of the original 
mechanism. 
 
Figure 8.5 Comparison of the NO2 of the original and the reduced mechanisms at 
different conditions of temperature, pressure, and equivalence ratio [109] 
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8.5   Chapter Conclusion 
A detailed mechanism, consisting of 466 species and 14631 reactions, was reduced to 
120 species and 1471 reactions. Although the reduction procedure included PFA and CSP 
automatic reduction methods, a manual involvement was required to ensure the removal of 
only one species at a time. This species removal process was guided by the sensitivity 
analysis of the species on the ID error between the original and reduced mechanisms. The 
closeness between the IDs, NO and NO2 of the reduced and the original mechanisms indicate 
the efficacy of this reduction procedure.     
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CHAPTER 9 - 3D CFD SIMULATION 
9.1    Chapter Overview 
The final goal of this research was to conduct 3D CFD simulation of the engine test 
conditions at which the surrogate S2 was validated against the target JP-8. Hence, this 
chapter covers a detailed description of the procedure, models, and assumptions used to set 
up the 3D CFD model of the engine. Then, the reduced mechanism, consisting of 120 species 
and 1471 reactions, as was discussed in the previous chapter, is utilized with the CFD model 
for combustion simulation of the engine test conditions. Finally, the results obtained from the 
simulation are compared with the experimental data.    
9.2   3D CFD Tool 
The 3D CFD tool utilized for engine combustion simulation was FORTE, a software 
package from Reaction Design [113], USA. Previous studies that utilized FORTE for engine 
combustion simulation are [114-116]. 
9.3    CFD Setup 
9.3.1   Models and Assumptions 
The software code features advanced chemistry solver modules, such as dynamic cell 
clustering (DCC), for faster computations even with a relatively large sized mechanism 
consisting of more than 100 species [116, 117]. In DCC, a set of cells with high similarities 
in their thermo-chemical states are grouped together to form a cluster. The extent of 
similarities between cells is defined by the user-specified temperature and equivalence ratio 
dispersion thresholds. For instance, if the user sets the temperature and equivalence ratio 
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(Phi) dispersion thresholds of 10 K and 0.05, respectively, then all the cells within these 
dispersion thresholds are treated similar and are grouped into a cluster, and the calculation is 
done for a cluster rather than for all the cells within the cluster. Hence, this reduces the 
computational time. Moreover, as compared to a case with dispersion thresholds of 5 K and 
Phi = 0.05, the case with dispersion thresholds of 10 K and Phi = 0.05 will have smaller 
number of clusters and therefore it will result in faster CFD calculations, however, with 
lower accuracy. For the case with dispersion thresholds of 0 K and Phi = 0.0, no cluster is 
formed (meaning DCC is deactivated), and the solver computes the properties of each cell 
rather than cluster at every calculation time step. In the current study, the temperature and 
equivalence ratio dispersion thresholds used were 5 K and 0.05, respectively. These 
thresholds are smaller as compared to those used in [116, 117]. 
The FORTE simulation package also offers advanced spray models. In the current 
investigation, nozzle-flow model [118] was used for spray initialization. Based on the several 
inputs, including mass flow rate of the fuel, this model determines the spray cone angle, 
instantaneous discharge coefficient, effective injection velocity, and effective exit area of the 
flow. The effective exit area of the flow is then used to calculate the initial liquid droplet size 
[118]. For spray atomization and droplet breakup, Kelvin-Helmholtz/Rayleigh-Taylor (KH-
RT) hybrid breakup model was used [119]. The KH-RT model considers the breakup in two 
steps: primary and secondary breakup. The Kelvin-Helmholtz model considers the primary 
breakup of the intact liquid core of the fuel jet, whereas the Rayleigh-Taylor model in 
conjunction with the Kelvin-Helmholtz model predicts the secondary breakup of the 
individual liquid drops [119]. After the secondary breakup, the size distribution of child 
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drops was estimated using Rosin-Rammler distribution [119]. In order to enhance spray 
predictions of the KH-RT model, an unsteady gas jet model [118] was selected in the 
simulation. The unsteady gas jet model eliminates the grid-size dependency of the KH-RT 
model, which is mainly caused due to the error in predicting the liquid-gas relative velocity. 
In other words, the use of gas jet model allows one to use a relatively coarser mesh without 
significantly affecting the accuracy of spray calculations. For the collision of droplets, radius 
of influence (ROI) model [118] was used. Unlike O'Rourke collision model where spray 
particles collide only if they reside in the same computational cell, the ROI model allows a 
droplet A to collide with another droplet B if the droplet A is within the radius of influence of 
the droplet B [118]. Hence, this approach removes the dependency of the droplet collision 
process on mesh-size as well as time-step. In addition, FORTE's wall impingement model 
[118] was used in order to account for droplet-wall interaction (stick, rebound, spread, and 
splash of a droplet with respect to wall). The wall film model of O'Rourke and Amsden [118] 
was used in order to account for wall film dynamics influenced by spray impingement, wall 
conditions, and near-wall gas flows. 
Further, a Reynolds Averaged Navier-Stokes (RANS) based modified Re-Normalized 
Group Theory (RNG) k-Ɛ turbulent model [118, 120] was used to account for in-cylinder 
turbulent flows. The original RNG k-Ɛ model [121] is an extended version of the standard 
high Reynold's number k-Ɛ model, wherein the k equation is the same as that of the standard 
k-Ɛ model, but the Ɛ equation has one extra term that accounts for non-isotropic turbulence 
[118]. Also, the original RNG k-Ɛ model was developed for an incompressible flow [120], 
whereas the flow in compression ignition engine is compressible [122]. Therefore, Han and 
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Reitz [120] modified the RNG Ɛ-equation to take into account the effect of flow 
compressibility. Thus, this modified RNG k-Ɛ model was used in the simulation. 
For simulating turbulence effects on combustion kinetics, FORTE's generalized 
turbulence-chemistry interaction model was activated during the CFD calculations. 
The inputs to the CFD consisted of the measured variables obtained from the engine 
experiments and actual dimensions and locations of the engine components. However, two 
assumptions in the model inputs were made and are listed below [109].  
1. Sinusoidal rate shape was assumed to represent the experimental rate shape as the actual 
rate profile of the fuel flow was not available. Other than that, the start and duration of 
injections taken in the simulation were obtained from the experimental needle lift signals. 
2. FORTE's default values of the model constants were used, and were kept the same for all 
the simulation cases.  
9.3.2   Mesh and Spray Parcels: Sensitivity Analysis 
It has been discussed in several literatures that the computational time increases with 
the increase in the number of computational cells in mesh [123, 124] as well as the total 
number of spray parcels [125, 126]. A parcel is a group of droplets with identical properties 
[127, 128]. Both of these parameters have a significant impact on the simulation results. In 
this investigation, the goal was to keep the number of computational cells and spray parcels 
the minimum in order to reduce the overall computational time, while still maintaining the 
acceptable level of models' prediction accuracy. As a result, a series of sensitivity analyses 
were performed using different mesh size and number of spray parcels. For this purpose, 
meshes with different number of cells were generated and simulated with different number of 
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parcels. Meshes were created with ANSYS ICEM software [129]. It is of note that the size of 
the cells is not the same within each mesh. As a result, the cell-densities are different in 
different parts of the sector mesh.  
For simulation, one-sixth sector mesh was created because the injector has six nozzle 
holes, and it is centrally and axi-symmetrically located in the combustion chamber. Hence, 
sector-geometry, as compared to the full-geometry, simulation is computationally time-
efficient. Also, since the crevice region was not included in the sector mesh, therefore, 
FORTE's crevice model was used to accurately predict the motored gas pressure obtained 
from the engine experiments. 
Mesh Sensitivity Analysis 
For mesh sensitivity analysis, the number of spray parcels was kept the same, which 
was 4000. Different sector meshes were generated with different number of cells ranging 
from 15525 to 30761 and are shown in Table 9.1 and Table 9.2. For analysis, the test 
conditions simulated were those of the engine experiments. The mechanism used for the 
simulation was the reduced 120 species mechanism, which was developed in this 
investigation. During the simulation, remaining model parameters were kept the same for all 
the simulation runs.  
Table 9.1 shows the meshes with different cells and the results of simulation, in terms 
of ID, for the SOI timing of 0.3 CAD bTDC and 30
o
C intake air temperature engine 
condition. The ID definition was based on 5% heat release, as described earlier. At this test 
condition, the ID of the surrogate obtained from engine experiment was 6.2 CAD. It is 
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observed in Table 9.1 that the meshes containing 17809 and 19665 cells predicted the ID of 
the experimentally tested surrogate more closely than other meshes. 
Table 9.1 Mesh sensitivity analysis at SOI of 0.3 CAD bTDC & 30
o
C intake air 
temperature 
# of 
cells 
# of Spray 
Parcels 
ID 
(CAD) 
17809 4000 5.6 
18045 4000 7.8 
19665 4000 6.8 
30761 4000 6.9 
 
Table 9.2 Mesh sensitivity analysis at SOI of 1.8 CAD aTDC & 30
o
C intake air 
temperature 
# of 
cells 
# of Spray 
Parcels 
ID 
(CAD) 
15525 4000 8.7 
17809 4000 6.8 
18045 4000 6.7 
19665 4000 6.2 
30761 4000 9 
 
Similarly, Table 9.2 shows the meshes with different cells and the results of 
simulation, in terms of ID, for the SOI timing of 1.8 CAD aTDC and 30
o
C intake air 
temperature. At this test condition, the ID of the surrogate obtained from engine experiment 
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was 6.7 CAD. It is observed in Table 9.2 that the mesh containing 18045 cells, followed by 
the mesh containing 17809 cells, predicted the ID of the experimentally tested surrogate 
more accurately than other meshes. 
Spray Parcels Sensitivity Analysis 
For the sensitivity analysis of the number of spray parcels, the mesh containing 17809 
cells was chosen as it produced, in overall, the best results during the mesh sensitivity 
analysis. The number of spray parcels, ranging from 3500 to 8000, was considered although 
the suggested range for the number of spray parcels in FORTE manual is between 2000-5000 
for 3D cases.  
Table 9.3 Spray parcels sensitivity analysis at SOI of 0.3 CAD bTDC & 30
o
C intake air 
temperature 
# of 
cells 
# of Spray 
Parcels 
ID 
(CAD) 
17809 4000 5.6 
17809 4500 7.3 
17809 8000 7.9 
 
Table 9.3 shows the results of the sensitivity analysis at SOI timing of 0.3 CAD 
bTDC and 30
o
C intake air temperature. The results indicate that the combination of 4000 
spray parcels and mesh containing 17809 cells predicted the experimental ID of the 
surrogate, which is 6.2, more accurately than other combinations. 
Similarly, Table 9.4 shows the results of sensitivity analysis at SOI timing of 1.8 
CAD aTDC and 30
o
C intake air temperature. The results indicate that again the combination 
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of 4000 spray parcels and mesh containing 17809 cells predicted the experimental ID of the 
surrogate, which is 6.7, more accurately than other combinations. 
Table 9.4 Spray parcels sensitivity analysis at SOI of 1.8 CAD aTDC & 30
o
C intake air 
temperature 
# of cells 
# of Spray 
Parcels 
ID 
(CAD) 
17809 3500 8.2 
17809 4000 6.8 
17809 4500 9.2 
17809 8000 8.2 
 
 
Figure 9.1 Sector mesh 
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Hence, the results of the sensitivity analysis indicated the mesh containing 17809 
cells and 4000 spray parcels as the best combination. Therefore, this combination was used 
for the simulation purpose. The computational domain is shown in Figure 9.1. 
9.4   Results and Discussions 
All the engine test conditions, shown in Table 7.2, were simulated. The simulations 
were carried out from the intake valve closure to the exhaust valve opening. The results of 
the simulation are discussed below. 
Comparisons of the Cylinder Pressure, Rate of Heat Release, and Mass-Averaged Gas 
Temperature 
Figure 9.2 to Figure 9.6 show the comparisons of the cylinder gas pressure, RHR, and 
mass-averaged gas temperature between the surrogate S2, including target JP-8, obtained 
from the engine experiments and the simulation model predictions. The RHR for the 
simulated data was calculated from the gas pressure using the same polytrophic coefficient as 
was used in the calculation of the experimental RHR. It is observed that the model closely 
predicted the experimental data of the tested surrogate at all the test conditions.  
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Figure 9.2 Cylinder pressure, rate of heat release, and mass-averaged cylinder gas 
temperature for the JP-8 (bluelines), surrogate S2 (red lines), and CFD predictions 
(green lines) at injection timing of 2.2 CAD bTDC & 30
o
C intake air temperature 
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Figure 9.3 Cylinder pressure, rate of heat release, and mass-averaged cylinder gas 
temperature for the JP-8 (bluelines), surrogate S2 (red lines), and CFD predictions 
(green lines) at injection timing of 0.3 CAD bTDC & 30
o
C intake air temperature 
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Figure 9.4 Cylinder pressure, rate of heat release, and mass-averaged cylinder gas 
temperature for the JP-8 (bluelines), surrogate S2 (red lines), and CFD predictions 
(green lines) at injection timing of 1.8 CAD aTDC & 30
o
C intake air temperature 
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Figure 9.5 Cylinder pressure, rate of heat release, and mass-averaged cylinder gas 
temperature for the JP-8 (bluelines), surrogate S2 (red lines), and CFD predictions 
(green lines) at injection timing of 0.3 CAD bTDC & 70
o
C intake air temperature 
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Figure 9.6 Cylinder pressure, rate of heat release, and mass-averaged cylinder gas 
temperature for the JP-8 (bluelines), surrogate S2 (red lines), and CFD predictions 
(green lines) at injection timing of 2.2 CAD bTDC & 110
o
C intake air temperature 
Comparison of the Ignition Delay 
The ID is defined as the duration between the SOI and the time corresponding to 5 % 
heat release. 
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Figure 9.7 shows the ignition delay predictions from the simulation. It is observed in 
the figure that the simulation predictions are in fairly good agreement with those of the 
experimental data for the surrogate. As compared to the ID of the surrogate, the surrogate 
model resulted in slightly longer ID at all the tested conditions, except at the SOI timing of 
0.3 CAD and 30
o
C intake air temperature wherein the ID predicted by the model is shorter 
than that of the tested surrogate. 
 
Figure 9.7 Ignition delays of surrogate, target JP-8, and surrogate model at different 
start of injection timings and intake air temperature 
Comparison of the Engine-Out Emissions 
Figure 9.8 shows the comparisons of the NOx, CO, and HC obtained from the engine 
experiments and simulation. The NOx from simulation is obtained by combining NO and 
NO2. For all the tested conditions, the model predictions for NOx and CO are higher and HC 
are lower than those obtained for the tested surrogate. Also, the NOx, CO and HC trends of 
the tested surrogate are well predicted by the model, however, with an exception for CO at 
SOI timing of 0.3 CAD bTDC and 30
o
C intake air temperature.      
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Figure 9.8 Comparisons of the engine-out emissions between surrogate, target JP-8, and 
surrogate model at different start of injection. 
Nevertheless, the model predictions for CO at SOI timing of 0.3 CAD bTDC and 
70
o
C intake air temperature and SOI timing of 2.2 CAD bTDC and 110
o
C intake air 
temperature are much higher than those for the tested surrogate. Also, the model prediction 
for HC at SOI timing of 2.2 CAD bTDC and 110
o
C intake air temperature is much lower 
than that for the tested surrogate. The reason for these drastic mismatches in the emissions, 
particularly at higher intake temperatures, is not known, and therefore might require further 
investigation related to the surrogate mechanism as well as CFD settings. 
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9.5   Chapter Conclusion 
Diesel cycle simulation used FORTE CFD software coupled with the reduced 
surrogate mechanism, consisting of 120 species and 1471 reactions. The simulations were 
made at an engine speed of 1500 RPM, IMEP of 3 bar and intake temperatures of 30
o
C for 
injection timing of 2.2 CAD bTDC, 0.3 CAD bTDC and 1.8 CAD aTDC, 70
o
C for injection 
timing of 0.3 CAD bTDC and 110
o
C for injection timing of 2.2 CAD bTDC. The simulated 
results showed fairly good agreements with the experimental data for the cylinder gas 
pressure, RHR, mass-averaged gas temperature and ignition delay. Also, the simulation 
qualitatively predicted the engine out emissions trends, however, with an exception of CO at 
the SOI timing of 0.3 CAD bTDC and intake air temperature of 30
o
C.  
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CHAPTER 10 - SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
The contribution of this thesis lies in the development of a roadmap leading to a more 
realistic and predictive combustion simulation of a diesel engine through the formulation of 
jet aviation JP-8 fuel surrogates and their experimental validation in practical combustion 
devices such as the Ignition Quality Tester and a single cylinder diesel engine. 
10.1   Summary  
1. A new approach is presented for the development of JP-8 surrogates for diesel engine 
applications considering the following criteria: 
a. Availability of the kinetic models of the surrogate components  
b. Boiling point of the components  
c. A limit of the total number of components to four 
d. Only one component from each hydrocarbon class, in particular for 4-component 
surrogates 
2. For the development of the surrogates, the following seven properties of the target JP-
8 are listed in order of priority: DCN, volatility, density, LHV, H/C ratio, MW, and 
TSI. Of these, all the surrogates were required to closely match at least the first four 
properties. 
3. The following five fuel components were selected:  
n-dodecane, iso-cetane, decalin, n-propylbenzene, and 1,2,4-trimethylbenzene. 
4. A total of six different surrogates with varying number and type of fuel components 
were formulated. These surrogates are shown below. 
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2-component surrogates 
 Surrogate S1, consisting of n-dodecane  and n-propylbenzene 
                        Surrogate S2, consisting of n-dodecane  and 1,2,4-trimethylbenzene 
3-component surrogates 
  Surrogate S3, consisting of n-dodecane, decalin , and n-propylbenzene 
 Surrogate S4, consisting of n-dodecane, decalin, and  1,2,4-   
trimethylbenzene 
4-component surrogates 
 Surrogate S5, consisting of n-dodecane, iso-cetane, decalin, and n-
propylbenzene 
 Surrogate S6, consisting of n-dodecane, iso-cetane, decalin, 1,2,4- 
trimethylbenzene 
5. A MATLAB code was developed and used in combination with the IQT and HYSYS 
software in order to identify the optimal combinations of the components in a 
surrogate that would closely match the properties of the target JP-8.  
6. The first validation of the surrogates was done in the IQT at three different test 
temperatures: 535
o
C, 585
o
C, and 605
o
C. The surrogates were evaluated against the 
target JP-8 in terms of their combustion gas pressure, ID, and the value and location 
of the RHR-Peak. 
7. The second validation was done in a single-cylinder advanced research high speed 
diesel engine at speed of 1500 rpm, load of 3 bar, and with no EGR at five different 
test conditions, which included different injection timings and intake air temperatures. 
8. A detailed mechanism consisting of 466 species and 14631 reactions was reduced to 
form two-component surrogate S2 fuel model consisting of 120 species and 1471 
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reactions. The Chemical Workbench software, with PFA and CSP reduction modules, 
was utilized for the reduction of the detailed mechanism. The reduced mechanism 
was then validated against the original detailed mechanism using DARS Basic 0-D 
software in a homogeneous reactor at a wide range of equivalence ratio, temperature, 
and pressure conditions, typical of diesel engine operations. The reduction approach 
helped in achieving significant reduction of the original mechanism, while keeping 
the ID error in the reduced mechanism within ±10%. Then, the surrogate fuel model 
was utilized in the Reaction Design's FORTE 3D CFD simulation software to 
simulate the engine conditions at which the surrogate S2 was tested. 
10.2   Conclusions  
1. Conclusions based on the validation using the IQT 
a. The matching between the surrogates and JP-8 properties was improved as the 
number of components increased from two to four. 
b. The calculated DCN, based on linearity assumption, showed variable degrees of 
agreement with the measured DCN. 
c. All the surrogates closely reproduced the ID of the target JP-8 at the three test 
temperatures in the IQT. 
d. The surrogate S2 produced the best match of the combustion gas pressure of the 
target JP-8. 
e. The RHR-Peak values of the 3-component surrogates - S3 and S4 - showed the 
least agreement with the JP-8 data. 
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f. The location of the RHR-Peak for the six surrogates showed good agreement with 
the JP-8 data. However, S2 produced the best agreement.  
From the IQT test results, the surrogate S2 was found to produce the best 
match of the autoignition and combustion characteristics of the target JP-8. 
Nevertheless, all the surrogates showed close similarities with the target JP-8. 
Although the 4-component surrogates - S5 and S6 - more closely matched all the 
seven targeted properties of the target JP-8, it was observed that even the 2-
component surrogates (S1 and S2) closely reproduced the autoignition and 
combustion characteristics of the target JP-8 in the IQT. 
2. Conclusions based on the validation of the two-component surrogate S2 and the 
target JP-8 in a single cylinder research diesel engine 
a. The surrogate closely reproduced the combustion gas pressure, rate of heat 
release, and mass-averaged cylinder gas temperature of the target JP-8 at all test 
conditions. 
b. The ignition delays of the surrogate and the JP-8 were very similar. The 
maximum difference in their ignition delays was found to be within 9.5% at SOI 
timing of 1.8 CAD aTDC and 30
o
C intake air temperature. 
c. The engine-out NOx, CO, and HC emissions of JP-8 and surrogate S2 were 
similar. 
d. The engine-out PM emissions were lower for the surrogate as compared to those 
for the target JP-8 at all the test conditions. 
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These results, hereby, validate the assumption undertaken during the 
development of the surrogate that in order to develop a surrogate for diesel engine 
application the DCN, volatility, density, and LHV are the key properties and these 
properties should at least be matched between the surrogate and its target fuel. In 
addition, the results also demonstrate the validity of the approach taken in the 
development of the surrogate and the use of IQT for preliminary validation of the 
surrogate.  
3. Conclusions based on the diesel cycle simulation  using the two-component 
surrogate 
a. The simulation closely predicted the cylinder gas pressure, RHR, and mass-
averaged gas temperature of the surrogate S2 obtained from the engine 
experiments.  
b. The model predictions for the trends in engine-out NOx, HC, and CO emissions 
were in fairly good agreement with the experimental data, however, with an 
exception of CO emission at SOI timing of 0.3 CAD bTDC and intake air 
temperature of 30
o
C.  
Finally, it can be concluded that the present two-component S2 surrogate 
could be a reasonable choice for its use in further investigations on the target JP-8. 
10.3   Recommendations 
Following recommendations are made as they might help reveal more information 
and improve the quality of the research related to surrogate. 
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1. Despite higher aromatic content in the surrogate S2, it resulted in lower PM emissions 
than the target JP-8 at all the tested conditions. Therefore, it is interesting to 
investigate what caused lower PM emissions for the surrogate S2. 
2. The surrogate S2 should be tested at a wide range of engine operating conditions in 
order to conclude whether it is a reliable surrogate for the current target JP-8. 
3. The surrogate mechanism and the simulation model settings may be revisited in order 
to predict PM emissions as well as improve the model predictions for other emissions. 
4. It is always interesting to test one of the four component surrogates, S5 or S6, in 
engine, and compare the results with the JP-8 data.  
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APPENDIX A: LIST OF PURE COMPOUNDS USED IN THE FORMULATION OF PETROLEUM BASED JET 
SURROGATE FUEL (SELECTED WORK FROM PREVIOUS STUDIES) 
 
Chemical 
class 
Surrogate 
Compounds 
[3] 
(vol%) 
[6] 
(vol%) 
[37] 
(vol%) 
[4]  
(vol%) 
[40] 
(vol%) 
[39] 
(vol%) 
[38] 
(vol%) 
[41] 
(vol%) 
[95] 
(vol%) 
[28] 
(vol%) 
[85] 
(mass%) 
[12] 
(vol%) 
[29] 
(vol%) 
Normal-
Alkanes 
Hexane              5.5     
heptane              8     
octane              8    3.5 
Nonane              10     
decane 50   50   60 60   42.67   10 15    
dodecane     43 40.4   60 30  54 54 10 20 26 30 40 
Tridecane                   
tetradecane  5.7 3.5       20    10 15  20  
Pentadecane                   
Hexadecane  3.3             10   20 
Iso-
Alkanes 
Iso-octane      29.5    10 33.02 25 5.5  5  10  
Iso-cetane     27           36   
5-methylnonane  16.5 13                
2-methyldecane  15.4 28.4                
Cyclo-
Alkanes 
Cyclohexane              8     
Methyl-
cylcohexane 
    15  20 20 20 20  10 10 8 5 14 20  
n-hexylcyclohexane   26.8                
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Cyclo-octane              8 5    
n-butylcyclohexane 25   25               
n-
heptylcyclohexane 
 27.9                 
n-
pentylcyclohexane 
                  
Decalin              5  6  35 
1-methyldecalin  1.3 6.4                
Aromatics 
Benzene                   
α-methyl-
naphthalene 
    15       1 1 0.5 5 18   
1,3,5-
trimethylbenzene 
     7.3             
n-propylbenzene      22.8             
Toluene       20    24.31 10 29.5 8    20 
o-xylene  7.1 9.4     20 20          
m-xylene          15     5  15  
xylenes                  8.5 
Butyl-benzene               5    
n-butylbenzene 25   25               
1,2,4,5-
Tetramethylbenzene 
              5    
Tetralin  22.8 0.125       5    1 5  5 8 
1,3-
diisopropylbenzene 
                  
1-phenylhexane                   
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ABSTRACT 
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Recently, diesel engine cycle simulation has been acknowledged as an effective way 
for the development and performance optimization of compression ignition engines operating 
on a variety of fuels.  The goal of this research was, therefore, to develop a JP-8 surrogate 
with a limited number of fuel components so that its chemical mechanism could be 
developed for its use with computational fluid dynamics (CFD) codes for enabling time-
efficient diesel engine cycle simulation. In order to achieve this goal, a new approach was 
developed for the formulation of surrogate for compression ignition engine application. The 
development approach required the surrogate to match several properties of the target JP-8 
fuel.  
A total of six different surrogates, with maximum number of components limited to 
four, was developed using a MATLAB code, Ignition Quality Tester (IQT), and HYSYS 
simulation software. Then, all the surrogates were tested in the IQT at different charge air 
temperatures, and the results of the tests were compared with those for the target JP-8. The 
surrogate that best reproduced the auto-ignition and combustion characteristics of the target 
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JP-8 in the IQT was then selected for its validation in a single cylinder direct injection 
research diesel engine operating at different conditions. The similarities between the auto-
ignition, combustion, and emissions characteristics of the surrogate and the target JP-8 were 
then examined to underscore the validity of the surrogate development approach as well as 
the use of the IQT for surrogate development and preliminary validation. Finally, a reduced 
chemical mechanism of the surrogate was developed for its use with the CFD codes for 
diesel engine cycle simulation. 
The IQT tests showed that the two-component surrogate S2 best reproduced the 
autoignition and combustion characteristics of the target JP-8. The results of the engine 
validation tests indicated that the surrogate S2 closely reproduced the autoignition, 
combustion, and emissions characteristics (Carbon Monoxide, unburned hydrocarbons, and 
oxides of Nitrogen) of the target JP-8 at the tested conditions. However, the particulate 
matter concentrations were lower for the surrogate than for the target JP-8. Further, the 
results of the 3D CFD simulation, which utilized the reduced chemical mechanism of the 
surrogate S2, were in fairly good agreement with the autoignition, combustion, and emissions 
data of the surrogate S2 obtained from engine experiments. 
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